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Abstract
As the limits of fetal viability have increased over the past 30 years, there has been a growing body of evidence supporting the 
idea that chronic disease should be taken into greater consideration in addition to survival after preterm birth. Accumulating 
evidence also suggests there is early onset of biologic aging after preterm birth. Similarly, chronic kidney disease (CKD) is also 
associated with a phenotype of advanced biologic age which exceeds chronologic age. Yet, significant knowledge gaps remain 
regarding the link between premature biologic age after preterm birth and kidney disease. This review summarizes the four 
broad pillars of aging, the evidence of premature aging following preterm birth, and in the setting of CKD. The aim is to provide 
additional plausible biologic mechanisms to explore the link between preterm birth and CKD. There is a need for more research 
to further elucidate the biologic mechanisms of the premature aging paradigm and kidney disease after preterm birth. Given 
the emerging research on therapies for premature aging, this paradigm could create pathways for prevention of advanced CKD.

Keywords Acute kidney injury · Chronic kidney disease · Infants · Neonates · ELGANS · Very low birth weight · 
Premature aging
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Introduction

Globally, one in every ten infants is born preterm and up to 
15% of all babies born require special care in the neonatal 
intensive care unit (NICU) [1]. The rates of preterm birth 
are also rising in many countries making preterm birth a 
significant focus of the United Nations Sustainable Develop‑
ment Goals [2].

With the remarkable advances in technology and mod‑
ern medicine, the number of former preterm infants living 
into adulthood is increasing. However, the pattern of major 
morbidity and the proportion of survivors affected remains 
unchanged [3]. Adult survivors of preterm birth develop 
chronic health conditions typically seen among individuals 
of advanced age, suggesting that the advanced aging pro‑
cess occurs at an earlier timepoint in life [4]. Many studies 
have replicated associations between lower birth weight and 
gestational age and higher risks of earlier life cardiovas‑
cular disease, obesity, insulin resistance, and hypertension, 
albeit among more homogenous populations [5]. Similarly, 
an increasing number of studies have demonstrated a rela‑
tionship between both preterm birth or low birth weight and 
chronic kidney disease (CKD) [6–8]. Infants born preterm, 
as compared to infants born at term, are nearly twice as 
likely to develop CKD over the life course [6, 7].

Questions remain about the natural history of the devel‑
opment of CKD after preterm birth and the factors which 
might increase the risk for CKD during childhood. There 
is substantial research supporting the concept of the Devel‑
opmental Origins of Health and Disease hypothesis, and an 
emergence of research on the role of nephron endowment, 
and impaired postnatal nephrogenesis in the risk of CKD 
after preterm birth [9]. In addition, studies are emerging 
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identifying accelerated cellular senescence and a premature‑
aging phenotype independently associated with a wide range 
of kidney diseases [10]. In survivors of preterm birth, there 
is also increasing evidence demonstrating acceleration of 
cellular aging compared to term born controls [11]. It is 
not yet known whether these accelerated aging mechanisms 
after preterm birth directly contribute to an increased risk 
for CKD. In this review, we will summarize the literature 
regarding the general molecular mechanisms of cellular 
aging experienced among all with advancing chronologic 
age and examine the relationship between the premature 
aging phenotype known to occur after preterm birth as a 
potential paradigm for understanding poor kidney outcomes 
after preterm birth. Lastly, we will highlight how the mecha‑
nisms of premature aging may present important opportuni‑
ties for the design of targeted therapeutic strategies to slow 
cellular aging and reduce kidney disease in this high‑risk 
population.

Molecular mechanisms of aging

Aging begins in utero and continues across the lifespan. 
Children with Trisomy 21 experience a premature aging 
related to an aged oocyte with chromosomal folding changes 
that contribute to accelerated cellular aging in utero. The 
premature aging phenotype among younger persons with 
Trisomy 21 includes early‑onset dementia, early loss of 
immune function, increased incidence of neoplasia, and 
mortality similar to individuals of advanced age [12]. It is 
well established that premature aging contributes to poor 
health outcomes in early life among many chronic diseases 
[13]. Thus, studying premature aging may lead to better 
understanding of the mechanisms and potential therapeutic 
targets of chronic diseases associated with premature aging, 
including pediatric CKD and cardiovascular diseases.

The four broad pillars of aging include inflammation, 
macromolecular dysfunction, stem cell progenitor altera‑
tions, and cellular senescence. These pillars categorize the 
aging process at a cellular and molecular level. To better 
understand premature aging as a potential pathway between 
preterm birth to CKD, we will briefly review the pillars of 
chronologic aging, a subject that is less well‑studied in the 
context of pediatric age individuals.

Inflammation

Low‑grade sterile inflammation is a prominent alteration 
in cellular communication associated with fibrosis, chronic 
disease, and premature aging. Inflammation may result 
from multiple pathways including enhanced activation of 
NF‑κB transcription factor, defective autophagy, accu‑
mulation of pro‑inflammatory tissue damage, ineffective 
immune system clearance of pathogens or dysfunctional 

host cells, or secretion of pro‑inflammatory cytokines [14]. 
These dysfunctional responses can result in an enhanced 
pro‑inflammatory cascade culminating in increased produc‑
tion of IL‑1β, tumor necrosis factor, and interferons [14]. 
When constitutively active, these processes are involved 
in the pathogenesis of obesity, type 2 diabetes, and ather‑
osclerosis which are associated with the aging phenotype 
[15]. Pro‑inflammatory monocytes/macrophages (CD14 + /
CD16 +), for example, have been shown to be specifically 
increased in younger individuals with inflammatory condi‑
tions such as atherosclerosis and inflammatory bowel dis‑
ease [16]. A study analyzed the proportion of pro‑inflamma‑
tory monocytes/macrophages in perirenal and perivascular 
fat of healthy living kidney donor women. Compared to 
healthy kidney donors ≤ 50 years, healthy kidney donors 
(age > 51 years) were found to have a significantly higher 
proportion of CD14 + /CD16 + monocyte/macrophages [17]. 
These data suggest there is a relationship between increasing 
monocyte/macrophage burden and chronologic aging among 
healthy individuals.

Macromolecular dysfunction

Macromolecular dysfunction, which can include proteins, 
DNA, or lipids, can also contribute to aging. Studies from 
the 1970s to 1980s demonstrate oxidative damage to proteins 
and DNA increased with age. Accumulation of damaged 
proteins, and DNA were thought to decrease cell turnover 
and ultimately decrease an organ’s ability to perform its nor‑
mal functions [18]. Telomeres are critically important for 
protecting genomic integrity by preventing chromosomal 
end‑to‑end fusions and are well‑researched in aging [19]. 
The length of telomeric DNA is inherited and varies among 
individuals and typically shortens with advancing chrono‑
logic age [20]. When telomeres become critically short, they 
lose their proliferative capacity and genomic integrity which 
can lead to damage to DNA via apoptosis and replicative 
senescence or an irreversible arrest of cell proliferation [19]. 
Mean telomere length shortening has been shown to be asso‑
ciated with age‑related disease such as CKD, cardiovascular 
disease, dementia, cancer, and diabetes [21–23].

Progenitor cell alterations

Changes in the ability of stem or progenitor cells to 
replicate, differentiate, and acquire specialized function 
can also lead to more rapid shifts toward cellular arrest 
associated with breakdown in tissue function and the aging 
phenotype [24]. Progenitor cell aging can be tissue‑specific 
or generalized to most adult progenitor cells. Age‑associated 
alterations in progenitor cells can be driven by (1) elevated 
pro‑inflammatory cytokines, (2) increased reactive oxygen 
species, and (3) dysregulation of autophagy. The end result 
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is a reduction of function and proliferative potential in 
progenitor cells leading to cellular arrest associated with 
chronic disease [25]. An example of this can be found 
in studies of the numerical and functional capacity of 
circulating endothelial progenitor cells (EPCs). Reduced 
number and functional impairment of EPCs occurs with 
advancing age and various stressors [26]. Reduced numbers 
of EPCs have been shown to be associated with vascular 
aging and an increased risk for cardiovascular disease [26].

Cellular senescence

The last and most well recognized pillar of aging is cellular 
senescence. Cellular senescence is defined as a quiescent 
state, signifying the loss of a cell’s ability to replicate and 
differentiate. Senescence can be beneficial for protection 
against replication of deleterious damaged cells but 
unhealthy if interfering with healthy cellular replication 
and regeneration. Traditionally, cellular senescence has 
been divided into two types including the Hayflick limit 
of replicative senescence caused by repeated cellular 
replication, and stress‑induced premature senescence caused 
by cellular exposure to damage and reactive oxygen species 
[27]. Progression into senescence is mediated by cyclin‑
dependent kinase inhibitors such as  p16ink4a, retinoblastoma 
protein, p53/p21CIP1, telomere shortening, and other factors 
which induce extensive changes in gene expression and 
chromatin organization leading to irreversible cell cycle 
arrest and inhibition of apoptosis [28]. Senescence can be 
acute or chronic. The chronic sustained pro‑inflammatory 
state is known as the senescence‑associated secretory 
phenotype (SASP). SASP is associated with upregulation 
and secretion of many pro‑inflammatory proteins and 
cytokines that spread senescence signals to other cells 
contributing to injury and senescence in adjacent cells 
collectively impacting organ function [29]. Ample evidence 
implicates chronic cellular senescence throughout all cells 
in aging and chronic disease pathways in both preclinical 
and clinical studies [29]. In young adult survivors of 
childhood cancer (median age 37.9 years), peripheral blood 
T‑lymphocyte  p16ink4a expression was significantly higher 
as compared to age‑matched healthy controls. The high 
 p16ink4a expression was associated with earlier onset low 
walking speed, type 2 diabetes, and Alzheimer’s disease. 
The authors estimated that the young adults surviving 
childhood cancer had a 25‑year age acceleration beyond 
their chronologic age [30].

According to the Unitary Theory of Fundamental Aging, 
inflammation, macromolecular damage, progenitor cell dys‑
function, and cellular senescence are highly interrelated such 
that if one process occurs, all occur [27]. They are biologic 
mechanisms which can change the trajectory of normal 
physiologic tissue capacity, thereby increasing the risk for 

premature aging phenotype and chronic disease in earlier 
life. Fortunately, intervening against one process can affect 
the other aging processes offering us new opportunities to 
impact disease related to premature aging in early life [27].

In the following sections, we will discuss research on the 
association between premature aging and both preterm birth 
and kidney disease. Given the increasing evidence regard‑
ing premature cellular aging in persons born preterm and in 
persons with kidney disease, we propose that investigating 
premature aging may lead to additional research opportu‑
nities and interventions to improve kidney outcomes after 
preterm birth.

Premature aging in preterm born survivors

Research suggests that cellular aging begins in the oocyte 
and placenta. In utero, the placenta undergoes natural senes‑
cence, however, abnormally accelerated placental aging has 
been shown to play a critical role in pregnancy and fetal 
growth pathologies including preeclampsia, fetal growth 
restriction, fetal death, and preterm birth [31]. Maternal 
oxidative stress is considered a critical mechanism for off‑
spring cellular aging, telomere shortening, embryo devel‑
opment, and offspring disease [32]. Accelerated aging in 
offspring has been demonstrated via DNA methylation of 
fetal cord blood in the offspring of mothers over 40 years of 
age at delivery and with preeclampsia [33]. To date, there 
are no studies evaluating the direct impact of maladaptive 
senescence on kidney embryogenesis; however, in preclini‑
cal models, exposure to senescent fibroblasts disrupts mouse 
alveolar epithelial cell functional differentiation and branch‑
ing morphogenesis [34]. Perhaps maladaptive senescence 
during kidney development similarly impacts kidney epi‑
thelial cell branching morphogenesis.

After birth, compelling evidence indicates that individu‑
als born preterm are prone to experience accelerated biologi‑
cal aging throughout their lifespan. The accelerated aging 
process after preterm birth manifests with organ dysfunction 
and chronic diseases at an earlier stage in life compared to 
geriatric individuals [4, 35].

In animal model studies, premature vascular aging has 
been shown to occur in animals affected by fetal growth 
restriction and preterm birth. One study examined ex vivo 
reactivity of the carotid and femoral arteries and an umbil‑
ical artery endothelial cell epigenetic marker of vascular 
aging (i.e., LINE‑1 DNA methylation) in fetal guinea pigs 
compared to adult guinea pigs. The arteries from growth‑
restricted guinea pig fetuses showed increased contractil‑
ity and decreased relaxation responses, typically associ‑
ated with chronologic aging. Additionally, the epigenetic 
marker of vascular aging in the growth‑restricted fetuses 
showed decreased methylation compared to the adult ani‑
mals [36]. While infants born with fetal growth restriction 
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may be at uniquely increased risk for vascular aging, fetal 
growth restriction is highly prevalent among individuals 
born preterm.

Among humans, there are many studies demonstrating 
significant changes in arterial structure and stiffness in 
children and young adults born preterm without growth 
restriction compared to term born controls, suggesting 
premature vascular aging may be a responsible path‑
way among the entire preterm born population [37, 38]. 
Together, these animal and human studies suggest a sub‑
optimal perinatal period contributes to a premature aging 
phenotype. The sequelae of preterm birth are now also 
being considered contributors to impaired grip strength, 
exercise tolerance, and sleep disordered breathing in chil‑
dren and young adults [39, 40]. Young adult men aged 
30–35 years with a history of extremely low birth weight 
(ELBW) had a significantly older epigenetic age, calcu‑
lated from DNA methylation at 353 cytosine‑phosphate‑
guanine sites, compared to normal birth weight men by 
4.6 years (p = 0.01) [4]. The older epigenetic age among 
men born ELBW persisted even after adjustment for neu‑
rosensory impairment and the presence of other chronic 
health conditions [4].

To explore beyond the molecular aspect of aging, studies 
have focused on the combination of molecular and func‑
tional aging after preterm birth as well. A study comparing 
epigenetic age at two time points (at 23 and 32 years) among 
ELBW young adults and normal birth weight young adults 
found that the resting heart rate, blood pressure, basal corti‑
sol levels, grip strength, and body mass index were biologi‑
cally 2.2 years older for ELBW born young adults [41]. In 
another clinical and molecular study of premature aging, 
healthy young adults born preterm had a higher proportion 
of shortened telomeres compared to adults born term (29% 
vs. 40%, respectively). The study also found significantly 
higher blood pressure profiles among the preterm born adults 
compared to the term born adults (systolic blood pressures 
133 mmHg vs. 123 mmHg, p < 0.01) [11]. These findings 
have also been replicated in children with low birth weight 
and have been associated with shorter telomere length and 
higher blood pressures during early childhood (mean age 
4.6 ± 0.4 years at follow‑up) [42, 43].

Exposures during the neonatal period shortly after pre‑
term birth have been shown to impact premature aging as 
well. Hyperoxia (30–90% supplemental  O2) is a common 
intervention for premature born infants and has been asso‑
ciated with postnatal alterations in kidney development and 
kidney injury [44]. Sprague–Dawley neonatal rats exposed 
to hyperoxia for 21 postnatal days had decreased expres‑
sion of the anti‑aging kidney protein Klotho, increased glo‑
merular hypertrophy, and tubular injury on histopathology 
compared to the kidneys of the control neonatal rats exposed 
to normoxia [44]. Decreased kidney Klotho expression has 

also been associated with CKD and advanced biological age 
in many human and animal studies [45].

Rapid postnatal catch‑up growth is another exposure after 
preterm birth potentially associated with premature aging. 
It is associated with the senescent phenotypes of obesity, 
cardiovascular disease, hypertension, diabetes, and kidney 
disease in human studies [46]. In an animal study evaluating 
mechanisms for heart and kidney disease, rats born low birth 
weight and fed a high calorie diet for rapid postnatal growth, 
had significantly increased expression of  p16ink4a and  p21CIP1 
in kidney and heart tissue at 3 and 6 months, compared to 
rats fed a normal diet with a normal growth trajectory [47]. 
This research potentially indicates an important link between 
early catch‑up growth and subsequent kidney disease in per‑
sons born preterm.

Recognition of premature biological aging among chil‑
dren after preterm birth could be critically important for 
reversal or prevention to improve quality of life, reduce 
chronic disease, and extend wellness throughout the lifespan 
in this increasingly prevalent population [1].

Premature aging and kidney disease

The aging process has a significant impact on the 
kidneys. This is partly due to the kidney’s high vascular 
blood flow rates, metabolic activity, and oxidative stress. 
Nephrosclerosis is a hallmark of the aging kidney and is 
characterized by nephron loss, hypertrophy of the remaining 
nephrons, global glomerulosclerosis, tubular atrophy, 
interstitial fibrosis, and arteriosclerosis [48]. Large‑scale 
studies also demonstrate that kidney volume progressively 
declines with age. One particular study assessed kidney 
volume by computed tomography in over 1300 adult kidney 
donors and found that kidney volume was 22  cm3 less when 
subjects were stratified by age in decades [49]. The same 
macro‑ and microscopic structural features seen in the 
naturally advancing age kidney, such as decreased kidney 
volume and nephrosclerosis, are also seen in children and 
young adults with kidney disease. Thus, decreased kidney 
volumes and nephrosclerosis could also be considered 
markers of premature kidney aging as well. Table  1 
summarizes some of the studies in adults and children 
highlighting associations between aging biomarkers and 
kidney disease. We will review some of the evidence from 
human and animal studies of premature aging and kidney 
disease below.

Human studies of premature aging and kidney disease

In cohorts of young adults and children with IgA nephropa‑
thy, kidney biopsies show a greater expression of  p21CIP1, 
 p16ink4a, and lower Klotho expression compared to healthy 
control kidneys. Moreover, greater expression of the 
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age‑related biomarkers in IgA nephropathy kidney biopsies 
was associated with greater IgA nephropathy‑related kid‑
ney fibrosis [50]. This finding has been replicated in other 
glomerular diseases (i.e., focal segmental glomerulosclero‑
sis), where senescence and other age‑related biomarkers are 
increasingly expressed in the kidney tissue of young adults 
in association with a greater degree of kidney fibrosis [51].

Advanced glycation end (AGE) products are accumulated 
in advanced aging individuals, as well as in individuals with 
CKD due to increased generation and decreased clearance. 
The AGE receptor is known to activate the NK‑ƙB pathway 
that promotes  p16INK4a and  p21CIP1 expression known to be 
associated with increased kidney senescence in human his‑
topathology [52]. Studies have also shown that serum AGE 
levels are significantly increased in children with CKD com‑
pared to healthy age–matched controls [53].

Klotho is primarily expressed in the proximal and distal 
tubules of the kidney and downregulated in advanced age as 
well as in acute and chronic kidney injury. Circulating levels 
decline with age [45]. Low Klotho concentrations have been 
associated with premature aging and cellular senescence in 
kidneys. Mechanistically, Klotho affects intracellular signal‑
ing pathways for aging biomarkers p53/p21CIP1 [54]. In human 
studies of genetic Klotho deficiency, a phenotype of early 
bone disease, vascular calcification, hypertension, impaired 
angiogenesis, and left ventricular hypertrophy (features of 
early vascular aging) are seen [55]. There are many paral‑
lels between CKD progression and the phenotypes of Klotho 
deficiency or dysregulation. Low Klotho expression, phos‑
phate retention, progressive hyperphosphatemia, and rising 
FGF23 levels are all observed in patients as CKD progresses 
and are also associated with endothelial dysfunction and 
advanced aged cardiovascular disease even among younger 
aged individuals [45]. As it relates to preterm birth and kidney 
health, young adults born preterm have been shown to have 
higher systolic blood pressure in association with lower urine 
α‑Klotho/creatinine excretion suggesting suppression of kid‑
ney α‑Klotho expression as a potential mechanism for induc‑
tion of higher blood pressure and other correlates of advanced 
age in young persons after preterm birth [56].

In the context of CKD, vascular calcifications are well 
known to occur in association with complications of kid‑
ney disease. The vascular calcifications of CKD occur in 
younger age groups and are also a model example of the 
premature aging phenotype. A study of vascular aging in 
children, found in comparison to healthy age–matched con‑
trols, children with CKD stage 5 pre‑dialysis and those on 
dialysis demonstrated significantly increased vessel oxida‑
tive damage, increased  p16INK4a and  p21CIP1 expression, 
and elevated circulating levels of SASP factors (charac‑
terized by secretion of pro‑inflammatory cytokines) [57]. 
These changes correlated with increased vascular stiffness 
and coronary artery calcifications in the children with CKD 

stage 5 similar to individuals of advanced biological age, and 
all of the biomarkers of aging studied were more enhanced 
among children on dialysis compared to children with CKD 
stage 5 pre‑dialysis.

Animal studies of premature aging and kidney disease

Similar to human studies, there are a number of animal stud‑
ies demonstrating a relationship between premature aging 
and kidney disease. Related to the accelerated cardiovascu‑
lar and kidney aging, among rats with and without hyper‑
tension,  p16INK4a expression was significantly increased in 
kidney tubular, glomerular, and interstitial cells as well as 
in the vascular cells of the myocardium and cardiac arteries 
of hypertensive rats [58]. This study suggests a relationship 
between kidney as well as cardiovascular disease and cel‑
lular senescence and has been replicated in human studies.

Animal studies have also shown that cellular senescence 
occurs in kidney tubular epithelial cells even in early stages 
of acute kidney injury (AKI) [59]. If an AKI episode is 
prolonged or severe, it is associated with chronic cellular 
senescence and increased susceptibility to further injury and 
progression to kidney fibrosis [59]. For example, mice with 
ischemia–reperfusion induced AKI experience critically 
shortened telomeres and increased expression of kidney tis‑
sue  p21CIP1 [60]. These cellular senescence findings occur in 
association with increased acute and chronic kidney injury 
histopathology [60]. A recently published review nicely dis‑
cusses the relationship between cellular senescence and AKI 
[59]. Future research is needed to evaluate whether preterm 
born infants who experience neonatal AKI also demonstrate 
increased expression of senescence biomarkers.

In genetic kidney disease animal models, such as the 
Kif3a knockout mouse model of cystic kidney disease, 
Glis2/NPHP7 gene loss of function mediates cellular senes‑
cence pathways that are the central feature of the tubular cell 
fibrosis and progressive kidney atrophy in nephronophthisis 
at younger ages [61].

In animal models of kidney transplant, studies have exam‑
ined the impact of premature aging on kidney transplant 
outcomes. Young mouse recipients of older aged donor 
mouse kidneys were found to have increased expression 
of the senescence marker  p16INK4a in allografts from older 
mouse kidney donors compared to younger aged donor 
mouse kidneys, despite normal kidney allograft histopathol‑
ogy at time of transplant. At 7 days post‑transplant, there 
was even greater expression of  p16INK4a among the older 
aged donor allografts while expression remained absent in 
the younger aged donor kidney allografts. Following onset 
of severe acute rejection,  p16INK4a expression increased in 
both young and older age donor kidneys but expression was 
greater among the older aged allografts [62]. Thus, the pre‑
mature aging phenotype could be induced in the kidney and 
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worsened in the setting of kidney injury even in young ani‑
mal recipients of older allografts. In rat models of chronic 
allograft rejection, sustained increases of  p16INK4a and 
substantial telomere shortening have also been observed 
supporting the association in mammals between  p16INK4a 
expression, allograft injury, and the aging phenotype [63].

In summary, accelerated biological aging beyond chrono‑
logical age is known to occur after preterm birth, as well 
as among individuals with kidney disease, through several 
potential pathways. Figure 1 depicts the pathways via the 
four broad pillars of premature aging after preterm birth that 
may contribute to premature kidney disease. Whereas cellu‑
lar senescence has been shown to be important in general for 
embryogenesis, organ remodeling, wound healing, and tissue 

regeneration transiently, the chronic maladaptive responses 
of inflammation, macromolecular dysfunction, progenitor 
cell alterations, and cellular senescence are important path‑
ways to understand in children born preterm [64]. These 
pathways are potential targets for future research, monitor‑
ing, and interventions to preserve kidney health in children 
at higher risk for kidney disease.

The potential future of biomarkers of aging 
for kidney disease

Beyond serum creatinine and cystatin C as the most read‑
ily available clinical biomarkers of kidney dysfunction and 
aging, a broad spectrum of biomarkers of aging and cellular 

Fig. 1  Pathways of premature aging after preterm birth associated with chronic kidney disease (CKD) and potential non‑pharmacologic and 
pharmacologic interventions. Created with BioRender.com
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senescence have been identified and are being explored in 
research to determine usefulness in clinical settings. Com‑
monly reported biomarkers of aging such as  p16INK4a and 
telomere length can be measured in peripheral whole blood 
to indicate the presence of accelerated aging.

Biomarker  p21CIP1 has been studied in both plasma and 
urine as a potential marker of kidney aging and AKI [65]. 
Although,  p21CIP1 was originally considered a less specific 
biomarker of aging because it is also expressed as a result 
of general tissue injury, more recently, direct expression of 
 p21CIPI mRNA in kidney tissue has shown promise as a sur‑
rogate biomarker of aging [65]. Urinary and serum Klotho 
are also well‑studied biomarkers known to be associated 
with both physiologic and pathologic kidney aging [45]. 
Future research is needed to identify the utility of these 
biomarkers at baseline after preterm birth to determine if 
they are useful predictive tools for CKD progression in 
childhood.

Potential future interventions for preterm birth 
and kidney disease

Considering the potential involvement of premature aging 
in kidney disease and the association between accelerated 
aging and preterm birth, it is conceivable that targeting pre‑
mature aging pathways such as cellular senescence path‑
ways, could serve as potential therapeutic targets for the 
identification, prevention, and treatment of kidney disease 
in general and specifically in the context of preterm birth. In 
the current era, there are multiple novel therapies which have 
been developed to halt aging‑associated organ dysfunction 
which could perhaps change the trajectory of kidney health 
among individuals born preterm at high risk for kidney dis‑
ease [66].

Potential non‑pharmacologic interventions

Evidence from both animal and human models suggests 
that components of the premature aging phenotype and 
the biomarkers to identify the phenotype are responsive to 
caloric restriction and exercising. Caloric restriction refers 
to limiting caloric intake without causing damage to the 
body. This is an important clinical distinction as the risk 
of death has been shown to be increased after strict protein 
reduction in patients with advanced CKD [67]. Certainly, in 
pediatrics, where nutrition is critical for growth and devel‑
opment, avoidance of obesity among persons born preterm 
is likely a more appropriate focus of non‑pharmacologic 
interventions to prevent premature aging. Future research 
should evaluate the impact of reduction in pediatric obe‑
sity on premature aging and kidney disease after preterm 
birth. However, current literature consistently demonstrates 
that caloric restriction and exercise reduce oxidative stress, 

systemic inflammation, and age‑related telomere shortening, 
increase Klotho concentrations, and influence DNA meth‑
ylation patterns. Each of these processes has been shown to 
delay cellular senescence changes within the kidney such as 
glomerulosclerosis, tubular atrophy, and interstitial fibro‑
sis [68–70]. Further studies are needed to characterize safe, 
appropriate approaches to caloric restriction, perhaps in 
young adults born preterm.

Finally, allostatic load from chronic stress and adversity 
in childhood (such as violence, lower socioeconomic status, 
maternal depression, family disruption, and institutionaliza‑
tion) have been repeatedly shown to impact cellular resil‑
iency, telomere length, and senescence [33, 71]. Large‑scale 
studies are needed to monitor childhood stress reduction as 
a non‑pharmacologic intervention to address premature cel‑
lular aging and chronic health outcomes.

Potential pharmacologic interventions

Hypertension has been shown to induce cellular senescence 
in kidney and heart in animal models. Likewise, antihyper‑
tensive therapies, such as angiotensin receptor blockers, have 
been shown to prevent increases in  p16INK4a expression and 
ameliorate telomere shortening [58, 72]. This change in aging 
biomarker expression with antihypertensive therapy (i.e., 
angiotensin receptor blockers) is also associated with milder 
histopathological features such as reduced tubular atrophy 
and interstitial fibrosis [72]. In newborn animal models, evi‑
dence of alterations of aging can occur with antihyperten‑
sive medication exposures. For example, renin–angiotensin 
system (RAS) blockade with enalapril (30 mg/kg/day) for 
the first 7 days after birth in newborn rat pups significantly 
altered cellular senescence in neonatal rat kidneys. Compared 
to control rat pup kidneys, intrarenal expression of cell cycle 
regulators  p21CIP1 and  p16INK4a by immunohistochemistry 
were significantly decreased throughout the renal cortex and 
medulla at postnatal day eight after the 7 days of RAS block‑
ade [73]. Thus, interruption of the RAS during postnatal 
nephrogenesis can disrupt physiologic cellular senescence in 
the developing rat kidney. Other animal studies have shown 
that blockade of angiotensin II type 1 receptor during the first 
12 days of postnatal life in rats resulted in reduced number 
of glomeruli, reduced kidney function, and increased arterial 
pressure [74]. More work is necessary to determine the short‑ 
and long‑term clinical implications of RAS manipulation for 
the purposes of aging.

Klotho may also have future therapeutic potential given 
that it has been shown to play a role in regulating cellular 
senescence in the kidney. Exogenous Klotho administration 
to Spraque‑Dawley neonatal rats exposed to hyperoxia was 
associated with increased kidney perfusion and decreased 
vascular stiffness as defined by decreased renal artery resist‑
ance and pulsatility by Doppler ultrasound [44]. It has also 
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been studied as a novel therapeutic agent in the prevention 
of AKI and CKD progression in animal models [75]. More 
specifically, direct exogenous Klotho has been proven effec‑
tive in increasing endogenous Klotho levels and protective 
against kidney injury in animal models [76]. Many other 
drugs, such as angiotensin II receptor antagonists, PPAR‑γ 
agonists, and paricalcitol, have also been shown to increase 
endogenous Klotho expression [77, 78]. Human studies 
research is needed to determine whether exogenous Klotho 
or upregulation of endogenous kidney Klotho are potential 
future therapeutic options for premature aging and kidney 
disease.

Clinical studies are emerging regarding the benefits of 
anti‑diabetic medications, such as metformin and sodium‑
glucose cotransporter‑2 (SGLT2) inhibitors, on vascular 
and kidney aging prevention. An in vitro study using human 
proximal tubular kidney cells demonstrated that an SGLT2 
inhibitor, canagliflozin, reduced the levels of senescence‑
associated‑inflammatory proteins TNF receptor 1, interleu‑
kin‑6, matrix metalloproteinase 7, and fibronectin 1 [79]. 
In vitro research also suggests that canagliflozin impedes 
molecular aging of the kidney tubular cells by downregu‑
lating pathways involved in synthesis of reactive oxygen 
species and blocking inappropriate proliferation of vascular 

Fig. 2  Extrapolated figure hypothesizing the cellular integrity (i.e., 
telomere length, cellular replication potential) and glomerular filtra‑
tion rate (GFR) for persons born at term and preterm birth which is 
worsened by adverse early life exposures (A); and the hypothesized 

potential to improve molecular integrity and GFR in persons born 
preterm with early therapeutic interventions to reduce premature 
aging (B). RAASi, renin, angiotensin, aldosterone inhibitors; SGLT2, 
sodium glucose cotransporter‑2
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smooth muscles cells typically leading to atherosclero‑
sis [79]. In patients with diabetic kidney disease, SGLT2 
inhibitors improve cardiovascular biomarkers of aging, 
such as arterial stiffness and pulse wave velocity [80]. Tri‑
als are currently ongoing exploring use of SGLT2 inhibi‑
tors in pediatric CKD patients and may become a promising 
intervention to be studied for children born preterm with 
microalbuminuria.

Senolytics are a class of drugs that selectively remove or 
transiently disable senescent cell anti‑apoptotic pathways 
leading to apoptosis of senescent cells while selectively spar‑
ing nonsenescent cells. In animal models of kidney disease, 
senolytic therapies have shown promise in reducing kidney 
injury. For example, senolytic treatment in the Glis2 knockout 
mouse model with nephronophthisis type 7 has been shown 
to reduce kidney tubular damage, fibrosis, cystic area, and 
inflammation [81]. Dasatinib, a tyrosine kinase inhibitor, 
decreases suppression of apoptosis, and quercetin, a natural 
flavonoid, suppresses senescent cell viability via restraint of 
the PI3K intracellular signaling pathway directly related to 
cellular senescence [52]. These two agents are often admin‑
istered in combination and referred to as “D + Q.” In animal 
models, “D + Q” administration has been shown to reduce 
expression of senescence marker proteins such as  p16INK4a and 
 p21CIP1 in mouse renal tubular epithelial cells suggesting the 
drug combination could inhibit progression of renal fibrosis 
by delaying renal tubular epithelial cell senescence [82]. In 
an open label phase 1 pilot study in humans with diabetic kid‑
ney disease, 3 days of oral “D + Q” therapy known as a “hit‑
and‑run” senolytic therapeutic approach was associated with 
reduced adipose tissue senescent cell burden within 11 days 
marked by decreases in  p16INK4A‑ and  p21CIP1‑expressing 
cells, and cells with senescence‑associated β‑galactosidase 
activity, and decreased adipose tissue fibrosis [83].

There are over 30 trials across the Translational Geosci‑
ence Network currently underway to target the fundamental 
aging processes and chronic disease in humans. These thera‑
pies are particularly promising because senescent cell drug 
resistance is unlikely, given that senescent cells do not divide 
and take weeks or months to re‑accumulate if the under‑
lying drivers of senescence remain active. Senolytic drugs 
present a promising and compelling option for the future, 
as they can effectively eliminate senescent cells with brief 
exposure, without the need for continuous circulation. Thus, 
intermittent administration (i.e., once monthly) of senolytic 
therapies may improve adherence for high‑risk individuals 
compared to, or even along with daily dietary restrictions 
and exercise.

More research is emerging demonstrating individuals 
born preterm are also likely to have a premature burden of 
frailty and advanced biological age‑related mechanisms of 
disease, such as CKD, in early life. These non‑therapeutics 

and therapeutic anti‑aging discoveries thus have the poten‑
tial to unlock an additional therapeutic route for the early 
prevention and treatment of advanced CKD in children born 
preterm (Fig. 1).

Conclusion

Premature aging is associated with inflammation, macromo‑
lecular dysfunction, stem cell progenitor alterations, and cel‑
lular senescence that leads to fibrosis and kidney disease and 
other age‑related disorders. Preterm birth and CKD share 
common characteristics and mechanisms of premature aging 
and senescence. Kidney senescence is a promising target for 
therapeutic intervention of kidney disease in general and 
perhaps specifically in a high‑risk population with a burden 
of advanced molecular aging such as individuals born pre‑
term. Preclinical and early pilot data have shown the efficacy 
of senolytics. In the future, judicious research directly link‑
ing preterm birth and kidney disease molecular mechanisms 
of aging will provide opportunities for implementation of 
senotherapies for prevention of CKD progression (Fig. 2). 
Moreover, starting to address the molecular mechanisms of 
aging early in life is likely to have a greater impact on reduc‑
ing advanced kidney disease burden.
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