
Summary. With the continuous advancement of 
neonatal intensive care technology, the survival rate of 
preterm infants is gradually increasing. However, this 
improvement in survival is accompanied by long-term 
prognostic implications in various systems. In the field 
of renal diseases, current epidemiological data indicate 
that preterm birth is a significant risk factor for the 
development of long-term chronic kidney disease 
(CKD). This not only imposes an economic burden on 
patients families but also severely impacts their quality 
of life. Understanding the underlying mechanisms 
involved in this process could offer potential strategies 
for early prevention and management of CKD. Although 
the nephron number hypothesis is currently widely 
accepted as a mechanism, there has been limited 
exploration regarding podocytes - one of the most 
important structures within nephrons - in relation to 
long-term CKD associated with preterm birth. Therefore, 
this review aims to summarize current knowledge on 
how prematurity influences CKD development overall, 
while specifically focusing on our current understanding 
of podocytes in relation to prematurity. 
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Introduction 
 
      Preterm birth is the leading cause of mortality 
among children under the age of 5 (Walani, 2020; 
Guarini et al., 2021; Cao et al., 2022). According to the 
global preterm birth data released by the WHO in 2018, 
the worldwide prevalence of preterm births is 
approximately 10.6%, with China ranking second with 
an estimated rate of 7.1% (Vogel et al., 2018; Cao et al., 
2022; Montemor et al., 2022). While advancements in 
neonatal treatment technology and care have improved 

survival rates for preterm infants, particularly those with 
very low and extremely low birth weights, 
comprehensive management strategies for these infants 
are increasingly more crucial (Mercuro et al., 2013; 
Dutta et al., 2015; Bonadies et al., 2023). In addition to 
focusing on their immediate survival, attention must also 
be given to long-term outcomes across various organ 
systems to ensure individual quality of life (Blencowe et 
al., 2013; Siffel et al., 2022; Canvasser et al., 2023). 
Epidemiological studies indicate that preterm birth is a 
significant risk factor for long-term diseases affecting 
multiple organ systems (Gubhaju et al., 2011; Jensen and 
Schmidt, 2014; Ream and Lehwald, 2018; Crump et al., 
2021). Currently, chronic kidney disease (CKD) poses a 
substantial and escalating global burden (Bikbov et al., 
2020; Levey et al., 2020), and clinical research has 
confirmed that preterm birth contributes as a risk factor 
for CKD development (Eriksson et al., 2018; Crump et 
al., 2019; Chopra and Saha, 2020; Chainoglou et al., 
2022; Grillo et al., 2022). Early kidney development 
plays a critical role in determining long-term renal 
outcomes, thus highlighting the increasing importance 
placed on understanding the mechanism of preterm 
birth-related long-term CKD. According to current 
knowledge, the nephron number hypothesis is widely 
accepted as the primary mechanism involved in long-
term CKD related to preterm birth (Thomas and Kaskel, 
2009; Nishizaki and Shimizu, 2022; Good et al., 2023). 
However, there has been limited exploration of the role 
of podocytes, one of the most crucial structures within 
the nephron, in this process. Therefore, this review aims 
to present a comprehensive understanding of the 
involvement of podocytes in long-term CKD associated 
with preterm birth. 
 
Preterm birth is an important risk factor for long-
term CKD 
 
Effects of preterm birth on kidney development 
 
      The development of the human kidney initiates 
during the first trimester, with glomerular formation 
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commencing at 9-10 weeks of gestation. Subsequently, 
there is an exponential growth of nephrons in the second 
and third trimesters, culminating in nephron 
development completion by 36 weeks (Dakovic 
Bjelakovic et al., 2018; Ryan et al., 2018). There is 
limited data regarding the impact of preterm birth on 
kidney development. Autopsy reports indicate that 
immature glomeruli continue to develop and undergo 
accelerated maturation after premature infants are born 
(Rodríguez et al., 2004). Moreover, preterm birth results 
in a reduction in total glomerular count and an increase 
in the abnormal glomerular formation proportion, 
thereby affecting postnatal renal function in preterm 
infants (Gubhaju et al., 2011; Sutherland et al., 2011; 
Black et al., 2013). The decrease in glomerular numbers 
leads to hyperfiltration within the remaining glomeruli, 
causing glomerular hypertrophy accompanied by 
secondary damage to both podocytes and the glomerular 
basement membrane. In addition to its effects on kidney 
development, adult hypertension is generally associated 
with kidney and cardiovascular development early in 
life. Preterm birth results in a reduced glomerular 
filtration area, which leads to limited sodium excretion 
and elevated blood pressure. Consequently, this cascade 
may result in proteinuria, glomerulosclerosis, and 
ultimately renal failure (Hayashi et al., 2014; Dyson and 
Kent, 2019; Chainoglou et al., 2022). Furthermore, 
exposure to various nephrotoxic substances following 
birth, such as gentamicin, amphotericin B, and 
indomethacin, can induce acute kidney injury among 
premature infants (Rodríguez et al., 2004; Fagerudd et 
al., 2006), potentially leading to the development of 
CKD. 
 
Correlation between preterm birth and long-term CKD 
 
      Epidemiological studies have demonstrated an 
association between preterm birth/low birth weight and 
an elevated risk of long-term CKD (Luyckx et al., 2013). 
Preterm infants exhibit a significantly reduced number 
of nephrons compared with full-term infants, rendering 
them more susceptible to CKD development with 
advancing age (Nada et al., 2017). It is estimated that 
preterm birth accounts for 80% of low-birth-weight 
cases, and a meta-analysis conducted by White et al., 
involving over 2 million individuals from 31 studies 
revealed that individuals with low birth weight had an 
approximately 80% higher likelihood of proteinuria and 
persistently low glomerular filtration rate (GFR) 
compared with those with normal birth weight. 
Furthermore, the risk of developing end-stage renal 
disease (ESRD) in later life was increased by 
approximately 60% (White et al., 2009). The meta-
analysis results also support the aforementioned notion 
that proteinuria serves as an independent risk factor for 
both the occurrence and progression of CKD, ultimately 
leading to ESRD (Tsai et al., 2016; Coresh et al., 2019). 
In a study conducted by Vikse et al., in 2008, 
encompassing all registered births in Norway from 1976 

to 2004, totaling around 2.18 million people, it was 
observed that, among the population below the tenth 
percentile for both birth weight and gestational age, 
there was a relative risk (RR) increase of ESRD 
incidence by factors of approximately 1.7 and 1.5, 
respectively; thus highlighting preterm birth/low birth 
weight as significant risk factors of long-term ESRD 
(Vikse et al., 2008). Crump's extensive study published 
in 2019, which included nearly 4.2 million individuals 
from a Swedish registration database spanning from 
1973 to 2014, provided further evidence of the 
relationship between gestational age at delivery and 
long-term CKD occurrence. The incidence of CKD in 
full-term infants is 4.47 per 100,000, whereas in 
premature infants, the incidence rises to 9.24 per 
100,000, representing a twofold increase compared with 
full-term infants. In extremely preterm infants with 
gestational ages of less than 28 weeks, the incidence of 
CKD reaches as high as 13.3 per 100,000, which is 
approximately three times higher than that observed in 
full-term infants. Notably, there is an inverse 
relationship between gestational age and long-term CKD 
risk; thus confirming preterm birth as a significant 
predisposing factor for the future development of CKD 
based on robust evidence from large-scale studies 
(Crump et al., 2019). 
 
Mechanism of long-term CKD associated with 
preterm birth 
 
The general mechanism of long-term CKD associated 
with preterm birth - nephron number hypothesis 
 
      The mechanism underlying the development of long-
term CKD associated with preterm birth remains poorly 
understood. Brenner and Garcia proposed a hypothesis 
suggesting that individuals born with fewer nephrons in 
their kidneys are at an increased risk of hypertension and 
renal disease later in life (Brenner and Garcia, 1988). 
This theory, known as the "nephron number hypothesis," 
is currently considered the most plausible mechanism for 
explaining the link between preterm birth and long-term 
CKD. From a developmental perspective, human kidney 
development initiates at 9-10 weeks of gestational age 
and completes nephrogenesis by 36 weeks (Dakovic 
Bjelakovic et al., 2018; Ryan et al., 2018). The majority 
of nephron formation occurs during late pregnancy, 
which coincides with the gestational age at birth for 
most preterm infants. Consequently, the kidneys of 
preterm infants are born before reaching full maturity. 
Although nephrogenesis can continue up to 40 days after 
birth, the nephrons formed tend to mature prematurely 
and exhibit abnormalities (Rodríguez et al., 2004). In 
this study conducted by Rodriguez et al., they included 
56 preterm infants weighing less than 1,000 g and with a 
gestational age between 24 to 27 weeks. Through 
pathological analysis of kidney samples from these 
infants, it was observed that kidney development 
continues postnatally but does not cease immediately 
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after birth. Kidney development in preterm infants with 
a gestational age of 24-27 weeks typically extends until 
approximately day 40 after birth before stagnating 
(Sulemanji and Vakili, 2013). Moreover, there was a 
higher proportion of abnormal nephrons, particularly 
glomerular structures, in preterm infants compared with 
term infants. These findings have also been supported by 
primate studies. Gubhaju et al., established a preterm 
primate animal model, and their study findings 
demonstrated that the prevalence of abnormal glomeruli, 
such as those with dilated Bowman's space and shrunken 
glomerular tuft, ranged from 0.2% to 18% in preterm 
animal models (Gubhaju et al., 2009). This suggests a 
significantly higher proportion of abnormal nephrons in 
preterm infants compared with full-term infants. Human 
and primate studies have consistently confirmed an 
increase in the number of abnormal nephrons due to 
preterm birth, while the number of normal nephrons is 
expected to decrease. Additionally, Stelloh et al., using a 
preterm mouse model, quantified nephrons at 30-35 days 
post-birth (when mouse kidneys are anticipated to be 
fully developed) (Stelloh et al., 2012). Their research 
revealed a significant reduction in the number of 
nephrons in preterm mice compared with full-term mice. 
Thus, both human and animal studies support the notion 
that preterm birth leads to diminished nephron numbers. 
      In the context of reduced nephron number, renal 
function may be sustained through hyperfiltration, with 
proteinuria serving as an early clinical indicator. Several 
cases have demonstrated the presence of proteinuria in 
individuals with a history of preterm birth, and Hoy et 
al., reported that low birth weight contributes to an 
elevated albuminuria ratio and increased risk of renal 
disease in a large cohort study (Hoy et al., 1999). 
Although gestational age information was not available 
in this study, it is likely that most individuals with low 
birth weight were born prematurely. During pregnancy, 
the kidney is in a “stress-free environment” with 
filtration processes supported by the placenta. Following 
birth, multiple factors may also affect nephron function, 
especially in preterm infants. A major shift in 
hemodynamics occurs at birth, with blood pressure and 
heart rate rising significantly and renal blood flow 
increasing. As a result, the developing capillaries of 
immature glomeruli may not be adequately prepared for 
hemodynamic transitions at birth, and their formation is 
adversely affected. These adaptive hemodynamic 
changes are responsible for glomerular hypertension and 
glomerular hyperfiltration, which then leads to 
heightened capillary perfusion pressure, resulting in 
glomerular injury, hypertrophy, glomerulosclerosis, and 
CKD. Hodgin et al., in 2009, first identified preterm 
birth/low birth weight as a significant pathological risk 
factor of CKD (Hodgin et al., 2009). Their study 
analyzed six patients aged 32 years with focal segmental 
glomerulosclerosis (FSGS), whose gestational ages 
ranged from 22-30 weeks and birth weights ranged from 
450-1420 g. Pathological analysis and related factors 
ultimately determined that the FSGS pathology observed 

in these six patients represented adaptive changes 
secondary to decreased nephron count caused by preterm 
birth. Based on this pathological analysis, the study 
concluded that preterm birth is a risk factor for long-
term pathological changes associated with kidney 
disease. 
      Subsequently, Ikezumi et al. conducted a 
comprehensive study encompassing all patients 
diagnosed with FSGS at Niigata University Medical and 
Dental Hospital in Japan between 1995 and 2011. Their 
findings revealed that a substantial proportion (37.5%) 
of these patients had low birth weight, which 
significantly exceeded the local area's overall incidence 
rate of 9.7%. Renal pathological analysis demonstrated a 
markedly higher prevalence of glomerular compensatory 
enlargement and glomerular sclerosis in the low-birth-
weight group compared with those with normal birth 
weight. Notably, the mean gestational age of these cases 
was determined to be 25.8 weeks, thus confirming 
preterm birth or low birth weight as significant risk 
factors contributing to long-term pathological changes 
associated with kidney disease (Ikezumi et al., 2013). 
Consequently, it is imperative to consider reduced 
nephron number resulting from preterm birth as one of 
the underlying pathogenic mechanisms leading to CKD 
development. 
 
Cellular mechanism of long-term CKD associated with 
preterm birth -podocyte depletion hypothesis 
 
      While most studies have focused on the general 
mechanism of preterm birth on nephrons, the underlying 
cellular mechanisms remain poorly elucidated. In the 
field of renal diseases, research on the pathogenesis of 
CKD in both children and adults has indicated that 
glomerular diseases are primarily responsible for CKD 
development (Webster et al., 2017). Glomerular disease 
accounts for approximately 90% of ESRD cases in the 
United States. The glomerular filtration barrier, 
composed of podocytes, glomerular basement 
membrane, and endothelial cells, plays a pivotal role in 
filtration processes. Podocytes serve as key components 
within this barrier structure and their quantity and 
maturation are crucial determinants for proper 
glomerular filtration function (Griffin 2003; Hishikawa 
and Fujita 2006). Current evidence confirms that 
reduced podocyte numbers significantly contribute to the 
initiation and progression of glomerular diseases while 
dysfunction or loss of podocytes profoundly impairs 
overall glomerular function (Wiggins, 2007; Ding et al., 
2017). Animal models have demonstrated that a mere 
20% loss in podocyte population can lead to mesangial 
expansion, whereas losses ranging from 20-40% result in 
denuded areas within the glomerular basement 
membrane along with segmental sclerosis. As podocyte 
loss exceeds 40%, progressive glomerulosclerosis occurs 
until it surpasses a threshold of 60%, leading to a 
complete loss of filtration function accompanied by 
varying degrees of proteinuria (Kim et al., 2001; 
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Wharram et al., 2005). These findings underscore the 
critical role played by podocytes in kidney diseases. 
However, limited attention has been given thus far to 
investigating the involvement of podocytes in long-term 
CKD associated with preterm birth. In a previous study 
conducted by Ikezumi et al. kidney podocytes of FSGS 
patients were stained to estimate their number, revealing 
a 33% decrease in podocyte count among FSGS patients 
with low birth weight compared with those with normal 
birth weight. This finding suggests that the loss of 
podocytes is more pronounced in children with low birth 
weight or preterm birth (Ikezumi et al., 2013). 
Furthermore, another study utilized a unilateral 
nephrectomy model to simulate nephron loss caused by 
preterm birth and found that greater nephron depletion 
led to more severe long-term damage and reduced 
coverage area of podocytes, indicating an increased risk 
of long-term podocyte loss (Oliva Trejo et al., 2014; 
Eladl et al., 2017). Additionally, our research team 
recently published literature comprehensively 
confirming the alterations and underlying mechanisms of 
podocytes in animal models of preterm birth as well as 
in preterm infants (Ding et al., 2021b; Zhang et al., 
2023). In a preterm rat model, we quantified the number 
of differentiated podocytes after kidney development 
completion and demonstrated an approximate 18% 
reduction in total differentiated podocyte count due to 
preterm birth (Ding et al., 2021a; Zhang et al., 2023). 
Furthermore, we conducted long-term follow up on these 
preterm rats and dynamically monitored changes in their 
podocyte population from birth to 12 months (equivalent 
to middle age in humans) using two methods: urine-
based podometric analysis and kidney sample-based 
podometric analysis. The mRNA levels of urinary 
podocytes revealed a gradual increase in podocyte loss 
among preterm rats, ranging from 1.5-fold at three 
weeks after birth to 32-fold at twelve months. 
Additionally, kidney sample evaluation indicated a 
reduction in podocyte density by approximately 18% to 
about 32% among preterm rats. This study not only 
suggests that preterm birth can lead to decreased 
numbers of podocytes but also drives progressive loss of 
these cells during growth, ultimately significantly 
increasing the risk of CKD development. Therefore, for 
the first time, this study introduces the concept of 
"podocyte depletion" into the pathogenesis underlying 
long-term CKD associated with preterm birth. Apart 
from utilizing animal models for prematurity research, 
our team also included infants born prematurely at 
different gestational ages, as well as full-term infants. 
Urine samples were collected and analyzed for urinary 
excretion of podocytes once gestational age was 
corrected. The results revealed a fivefold increase in 
podocyte loss in preterm infants compared with full-term 
infants. Additionally, lower gestational age and small for 
gestational age were identified as high-risk factors 
associated with podocyte loss. However, this human 
study lacks follow-up data, and it remains unclear 
whether the findings from preterm animal models can be 

extrapolated to preterm infants and whether podocyte 
loss in preterm infants continues to remain significantly 
higher during childhood and adulthood compared with 
full-term infants (Gao et al., 2023). If persistent 
podocyte loss occurs in preterm infants, according to the 
podocyte depletion hypothesis, further depletion of 
podocytes could contribute to the development and 
progression of CKD, thereby elucidating the specific 
mechanism underlying the increased long-term CKD 
risk associated with preterm birth from a perspective 
centered on podocyte depletion. 
 
Molecular mechanism of long-term CKD associated with 
preterm birth  
 
      Currently, studies have implicated podocytes in the 
mechanism of long-term CKD associated with preterm 
birth; however, there is limited research on the molecular 
mechanisms involved. In a previous study by Magella et 
al. single-cell sequencing analysis revealed that GDNF 
plays a crucial role in normal branch morphogenesis of 
ureteral buds during early kidney development. 
Knocking out this gene resulted in impaired kidney 
development, providing significant insights into both 
early kidney development and potential treatment 
strategies for kidney diseases using progenitor cells and 
stem cells (Magella et al., 2018). Additionally, Alison et 
al. reported that TSC1 mediates the Wnt signaling 
pathway to determine the final number of nephrons 
(Jarmas et al., 2021). However, these studies primarily 
focused on the early stages of kidney development, 
while preterm birth occurs during the middle and late 
stages. The impact of preterm birth factors on these later 
stages and their contribution to reduced mature nephron 
and podocyte numbers remain unclear. Reports on 
human nephron counts rely heavily on autopsy 
specimens from kidneys obtained postmortem (Faa et 
al., 2010). Therefore, it is clinically important to search 
for alternative markers for evaluating nephron and 
podocyte numbers. To address this gap, our research 
team utilized single-cell sequencing to establish a 
molecular map specifically targeting the middle and late 
stages of kidney development corresponding to 
gestational age in preterm rats (Ding et al., 2021b). We 
observed that the podocytes of full-term rats exhibited a 
significant enrichment of genes associated with 
ribosomes, which are essential organelles involved in 
protein synthesis (Dai and Zhu, 2020). This enrichment 
suggests a high rate of protein synthesis in podocytes 
during normal development (Tahmasebi et al., 2019). 
Conversely, the podocytes of preterm rats displayed an 
enrichment primarily related to kidney development, 
including podocyte-specific genes and precursor genes. 
These findings indicate that preterm delivery may 
expedite podocyte differentiation (Ding et al., 2021b; 
Zhang et al., 2023). Our study elucidates the molecular 
dynamics occurring during the mid-to-late stages of 
kidney development until maturity and provides valuable 
insights to further understand the molecular mechanisms 
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underlying the heightened risk of long-term CKD 
resulting from preterm birth. 
 
Monitoring and preventive actions of long-term renal 
disease associated with preterm birth  
 
      Though the molecular mechanisms involved in 
preterm-related long-term CKD are not fully identified, 
long-term follow-up and early intervention based on the 
current situation are needed, from preterm infants to 
adulthood, to protect kidney function. Therefore, it is 
imperative to implement long-term follow-up and early 
intervention strategies encompassing the entire lifespan 
of preterm infants in order to protect kidney function. 
Follow-up and intervention measures mainly include the 
following four aspects. The first is to advise preterm 
individuals to avoid exposure to potentially nephrotoxic 
drugs and factors that increase the burden on the 
kidneys. Secondly, regular monitoring of blood pressure 
levels is essential, with efforts focused on maintaining 
normalcy and stability within these parameters. Thirdly, 
reduce currently known risk factors of CKD, such as 
obesity, anemia, smoking, diabetes, and dyslipidemia. 
Lastly, routine assessment of kidney function including 
serum creatinine levels, cystatin C levels, or urine 
albumin measurements should be carried out (Stritzke et 
al., 2017; Crump et al., 2019; Grillo et al., 2022). 
 
Conclusions and future perspectives 
 
      With the advancement of neonatal intensive care 
technology, there has been a gradual increase in both 
birth and survival rates of preterm infants, particularly 
those born extremely preterm. However, as these 
preterm infants grow older, the issue of long-term 

prognosis becomes increasingly prominent. Epi-
demiological data have confirmed that preterm birth is a 
significant risk factor for the development of CKD in the 
long run. The main distinction in kidney development 
between preterm and full-term infants lies in the 
postnatal stage experienced by preterm infants outside 
the womb, which serves as a starting point for long-term 
CKD development. Therefore, research efforts primarily 
focus on the early postnatal stage of preterm infants. The 
pathogenesis related to CKD resulting from preterm 
birth is relatively complex, with reduced nephron 
number and structural abnormalities being important 
factors that may contribute to long-term CKD. Preterm 
infants typically exhibit an underdeveloped kidney 
structure and function at birth, resulting in a significantly 
increased risk of developing CKD from childhood to 
adulthood. Early identification, diagnosis, monitoring, 
and timely protection of renal function are crucial for 
improving the long-term outcomes of preterm infants. 
Currently, traditional biomarkers such as creatinine can 
reflect the extent of kidney injury, however, there is a 
time lag between traditional biomarkers and initial 
kidney injury; also, the location of kidney injury cannot 
be distinguished, which has certain limitations in 
reflecting kidney function, thus limiting their use in 
early CKD prediction. Thus, there is an urgent need to 
develop new specific biomarkers that enable real-time 
identification of changes in renal function for early 
diagnosis and monitoring of disease progression. 
Modern omics technology reflects the function and 
metabolic state of the body, organs, or cells through 
overall analysis, and is expected to discover new 
signaling pathways and biomarkers, which will help 
improve the early monitoring of initial damage and 
improve the long-term prognosis of the disease. The 
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Fig. 1. Cellular mechanism of 
preterm-related long-term 
chronic kidney disease. 
Preterm birth leads to a 
reduction in podocyte 
endowment, accelerated 
podocyte detachment, 
glomerular hypertrophy, 
proteinuria, glomerulosclerosis, 
and then CKD.



field of nephrology omics is still under research but has 
the potential to accurately predict, treat, and improve 
clinical outcomes for patients with nephropathy (Joshi et 
al., 2017; Grobe et al., 2023). In addition, podocytes 
play a crucial role as key components of the glomerular 
filtration barrier; thus, their quantity and morphology are 
core determinants in glomerular disease progression 
(Fig. 1). Consequently, clinical attention is directed 
towards preventing and minimizing podocyte injury. 
Through single-cell sequencing analysis, we have further 
elucidated the significant involvement of ribosome-
related molecules during the middle and late stages of 
kidney development-enhancing our understanding of 
how they contribute to long-term CKD associated with 
preterm birth pathogenesis. Early abnormalities observed 
in preterm infants lead to a gradual process culminating 
in long-term CKD-a condition requiring not only 
attention from obstetrics and neonatology departments 
but also collaborative efforts from pediatric and adult 
nephrology departments alike. An in-depth exploration 
of the stage mechanism is not only beneficial for the 
prevention and treatment of CKD but also aids in 
alleviating the financial burden on patients' families. 
Therefore, it is imperative that relevant studies 
encompass long-term comprehensive management 
strategies for premature infants, aiming to identify 
disease-related risk factors during their growth and 
effectively intervene in disease occurrence and 
progression, ultimately enhancing the long-term quality 
of life of these infants. 
 
Acknowledgements. We acknowledge support from the Tianjin Key 
Medical Discipline (Specialty) Construction Project (TJYXZDXK-039A). 
Fangrui Ding thanks Lei Gao and Mo Ding for their care and support. 
Funding Statement. LZ is sponsored by a Tianjin Health Research 
Project (grant number: TJWJ2022QN087), Open Fund of Tianjin Central 
Hospital of Gynecology Obstetrics/Tianjin Key Laboratory of human 
development and reproductive regulation (grant number: 2022XH06). 
FD is sponsored by the Tianjin Health Commission (grant number: 
TJWJ2021QN054), Tianjin Science and Technology Committee 
(21JCQNJC01650), and China International Medical Foundation (grant 
number: Z-2019-41-2101-04). JZ is sponsored by the Tianjin Science 
and Technology Committee (21JCZDJC01140). 
Author Contributions. Writing-original draft preparation, LZ, JZ, FD; 
writing-review and editing, LZ, JZ, FD; supervision, JZ, FD; All authors 
have read and agreed to the published version of the manuscript. 
Conflicts of Interest. The authors declare that they have no conflicts of 
interest to report regarding the present study. 
 
 
References 
 
Bikbov B., Purcell C.A., Levey A.S., Smith M., Abdoli A., Abebe M., 

Adebayo O.M., Afarideh M., Agarwal S.K., Agudelo-Botero M., 
Ahmadian E., Al-Aly Z., Alipour V., Almasi-Hashiani A., Al-Raddadi 
R.M., Alvis-Guzman N., Amini S., Andrei T., Andrei C.L., Andualem 
Z., Anjomshoa M., Arabloo J., Ashagre A.F., Asmelash D., Ataro Z., 
Atout M.M. d. W., Ayanore M.A., Badawi A., Bakhtiari A., Ballew 
S.H., Balouchi A., Banach M., Barquera S., Basu S., Bayih M.T., 

Bedi N., Bello A.K., Bensenor I.M., Bijani A., Boloor A., Borzì A.M., 
Cámera L.A., Carrero J.J., Carvalho F., Castro F., Catalá-López F., 
Chang A.R., Chin K.L., Chung S.C., Cirillo M., Cousin E., Dandona 
L., Dandona R., Daryani A., Das Gupta R., Demeke F.M., Demoz 
G.T., Desta D.M., Do H.P., Duncan B.B., Eftekhari A., Esteghamati 
A., Fatima S.S., Fernandes J.C., Fernandes E., Fischer F., Freitas 
M., Gad M.M., Gebremeskel G.G., Gebresillassie B.M., Geta B., 
Ghafourifard M., Ghajar A., Ghith N., Gill P.S., Ginawi I.A., Gupta R., 
Hafezi-Nejad N., Haj-Mirzaian A., Haj-Mirzaian A., Hariyani N., 
Hasan M., Hasankhani M., Hasanzadeh A., Hassen H.Y., Hay S.I., 
Heidari B., Herteliu C., Hoang C.L., Hosseini M., Hostiuc M., Irvani 
S.S.N., Islam S.M.S., Jafari Balalami N., James S.L., Jassal S.K., 
Jha V., Jonas J.B., Joukar F., Jozwiak J.J., Kabir A., Kahsay A., 
Kasaeian A., Kassa T.D., Kassaye H.G., Khader Y.S., Khalilov R., 
Khan E.A., Khan M.S., Khang Y.H., Kisa A., Kovesdy C.P., Kuate 
Defo B., Kumar G.A., Larsson A.O., Lim L.L., Lopez A.D., Lotufo 
P.A., Majeed A., Malekzadeh R., März W., Masaka A., Meheretu 
H.A.A., Miazgowski T., Mirica A., Mirrakhimov E.M., Mithra P., 
Moazen B., Mohammad D.K., Mohammadpourhodki R., Mohammed 
S., Mokdad A.H., Morales L., Moreno Velasquez I., Mousavi S.M., 
Mukhopadhyay S., Nachega J.B., Nadkarni G.N., Nansseu J.R., 
Natarajan G., Nazari J., Neal B., Negoi R.I., Nguyen C.T., 
Nikbakhsh R., Noubiap J.J., Nowak C., Olagunju A.T., Ortiz A., 
Owolabi M.O., Palladino R., Pathak M., Poustchi H., Prakash S., 
Prasad N., Rafiei A., Raju S.B., Ramezanzadeh K., Rawaf S., Rawaf 
D.L., Rawal L., Reiner R.C., Rezapour A., Ribeiro D.C., Roever L., 
Rothenbacher D., Rwegerera G.M., Saadatagah S., Safari S., Sahle 
B.W., Salem H., Sanabria J., Santos I.S., Sarveazad A., Sawhney 
M., Schaeffner E., Schmidt M.I., Schutte A.E., Sepanlou S.G., 
Shaikh M.A., Sharafi Z., Sharif M., Sharifi A., Silva D.A.S., Singh 
J.A., Singh N.P., Sisay M.M.M., Soheil i  A., Sutradhar I., 
Teklehaimanot B.F., Tesfay B. etsay, Teshome G.F., Thakur J.S., 
Tonelli M., Tran K.B., Tran B.X., Tran Ngoc C., Ullah I., Valdez P.R., 
Varughese S., Vos T., Vu L.G., Waheed Y., Werdecker A., Wolde 
H.F., Wondmieneh A.B., Wulf Hanson S., Yamada T., Yeshaw Y., 
Yonemoto N., Yusefzadeh H., Zaidi Z., Zaki L., Zaman S. Bin, 
Zamora N., Zarghi A., Zewdie K.A., Ärnlöv J., Coresh J., Perico N., 
Remuzzi G. and Murray C.J.L. (2020). Global, regional, and national 
burden of chronic kidney disease, 1990-2017: a systematic analysis 
for the Global Burden of Disease Study 2017. Lancet 395, 709-733. 

Black M.J., Sutherland M.R., Gubhaju L., Kent A.L., Dahlstrom J.E. and 
Moore L. (2013). When birth comes early: Effects on nephrogenesis. 
Nephrology (Carlton) 18, 180-182. 

Blencowe H., Cousens S., Chou D., Oestergaard M., Say L., Moller A.-
B., Kinney M. and Lawn J. (2013). Born too soon: The global 
epidemiology of 15 million preterm births. Reprod. Health 10, S2. 

Bonadies L., Cavicchiolo M.E., Priante E., Moschino L. and Baraldi E. 
(2023). Prematurity and BPD: what general pediatricians should 
know. Eur. J. Pediatr. 182, 1505-1516. 

Brenner B.M. and Garcia D.L. (1988). Glomeruli and blood pressure. 
Less of one, more the other? Am. J. Hypertens. 1, 335-347. 

Canvasser J., Patel R.M., Pryor E., Green L., Hintz S.R., Fagan M. and 
Harrison J.D. (2023). Long-term outcomes and life-impacts of 
necrotizing enterocolitis: A survey of survivors and parents. Semin. 
Perinatol. 47, 151696. 

Cao G., Liu J. and Liu M. (2022). Global, regional, and national 
incidence and mortality of neonatal preterm birth, 1990-2019. JAMA 
Pediatr. 176, 787-796. 

Chainoglou A., Chrysaidou K., Kotsis V. and Stabouli S. (2022). Preterm 

562

Podocyte role in preterm related CKD



birth, kdney function and cardiovascular disease in children and 
adolescents. Children (Basel) 9, 1130. 

Chopra S. and Saha A. (2020). Preterm birth: A risk-factor for chronic 
kidney disease? Indian Pediatr. 57, 395-396. 

Coresh J., Heerspink H.J.L., Sang Y., Matsushita K., Arnlov J., Astor 
B.C., Black C., Brunskill N.J., Carrero J.-J., Feldman H.I., Fox C.S., 
Inker L.A., Ishani A., Ito S., Jassal S., Konta T., Polkinghorne K., 
Romundstad S., Solbu M.D., Stempniewicz N., Stengel B., Tonelli 
M., Umesawa M., Waikar S.S., Wen C.-P., Wetzels J.F.M., 
Woodward M., Grams M.E., Kovesdy C.P., Levey A.S., Gansevoort 
R.T., Appel L.J., Greene T., Chen T.K., Chalmers J., Arima H., 
Perkovic V., Levin A., Djurdjev O., Tang M., Nally J., Navaneethan 
S.D., Schold J.D., Weldegiorgis M., Herrington W.G., Smith M., Hsu 
C.Y., Hwang S.-J., Chang A.R., Kirchner H.L., Green J.A., Ho K., 
Marks A., Prescott G., Clark L.E., Fluck N., Shalev V., Chodick G., 
Blankestijn P.J., Van Zuilen A., Van den Brand J.A., Sarnak M.J., 
Bottinger E., Nadkarni G.N., Ellis S.G., Nadukuru R., Metzger M., 
Flamant M., Houillier P., Haymann J.-P., Froissart M., Kenealy T., 
Elley R.C., Collins J.F., Drury P.L., Cuddeback J.K., Ciemins E.L., 
Stempniewicz R., Nelson R.G., Knowler W.C., Bakker S.J., Major 
R.W., Medcalf J.F., Shepherd D., Barrett-Connor E., Bergstrom J., Ix 
J.H., Molnar M.Z., Sumida K., de Zeeuw D., Brenner B., Qureshi 
A.R., Elinder C.-G., Runesson B., Evans M., Segelmark M., 
Stendahl M., Schön S., Naimark D.M., Tangri N., Sud M., Hirayama 
A., Ichikawa K., Bilo H.J., Landman G.W., Van Hateren K.J., 
Kleefstra N., Hallan S.I., Ballew S.H., Chen J., Kwak L., Surapaneni 
A., Parving H.-H., Rodby R.A., Rohde R.D., Lewis J.B., Lewis E., 
Perrone R.D., Abebe K.Z., Hou F.F., Xie D., Hunsicker L.G., Imai E., 
Kobayashi F., Makino H., Ito S., Remuzzi G., Ruggenenti P., 
Eckardt K.-U., Gudmundsdottir H., Maciulaitis R., Manley T., Smith 
K., Stockbridge N., Thompson A., Vetter T., Willis K. and Zhang L. 
(2019). Change in albuminuria and subsequent risk of end-stage 
kidney disease: an individual participant-level consortium meta-
analysis of observational studies. Lancet Diabetes Endocrinol. 7, 
115-127. 

Crump C., Sundquist J., Winkleby M.A. and Sundquist K. (2019). 
Preterm birth and risk of chronic kidney disease from childhood into 
mid-adulthood: National cohort study. BMJ 365, l1346. 

Crump C., Groves A., Sundquist J. and Sundquist K. (2021). 
Association of preterm birth with Long-term risk of heart failure into 
adulthood. JAMA Pediatr. 175, 689-697. 

Dai X. and Zhu M. (2020). Coupling of ribosome synthesis and 
translational capacity with cell growth. Trends Biochem. Sci. 45, 
681-692. 

Dakovic Bjelakovic M., Vlajkovic S., Petrovic A., Bjelakovic M. and Antic 
M. (2018). Stereological study of developing glomerular forms during 
human fetal kidney development. Pediatr. Nephrol. 33, 817-825. 

Ding F., Wickman L., Wang S.Q., Zhang Y., Wang F., Afshinnia F., 
Hodgin J., Ding J. and Wiggins R.C. (2017). Accelerated podocyte 
detachment and progressive podocyte loss from glomeruli with age 
in Alport Syndrome. Kidney Int. 92, 1515-1525. 

Ding F., Gao Q., Tian X., Mo J. and Zheng J. (2021a). Increasing 
urinary podocyte mRNA excretion and progressive podocyte loss in 
kidney contribute to the high risk of long-term renal disease caused 
by preterm birth. Sci. Rep. 11, 20650. 

Ding F., Tian X., Mo J., Wang B. and Zheng J. (2021b). Determination 
of the dynamic cellular transcriptional profiles during kidney 
development from birth to maturity in rats by single-cell RNA 
sequencing. Cell Death Discov. 7, 162. 

Dutta S., Singh B., Chessell L., Wilson J., Janes M., McDonald K., 

Shahid S., Gardner V.A., Hjartarson A., Purcha M., Watson J., De 
Boer C., Gaal B. and Fusch C. (2015). Guidelines for feeding very 
low birthweight infants. Nutrients 7, 423-442. 

Dyson A. and Kent A.L. (2019). The effect of preterm birth on renal 
development and renal health outcome. Neoreviews 20, e725-e736. 

Eladl M.A., Elsaed W.M., Atef H. and El-Sherbiny M. (2017). 
Ultrastructural changes and nestin expression accompanying 
compensatory renal growth after unilateral nephrectomy in adult 
rats. Int. J. Nephrol. Renovasc. Dis. 10, 61-76. 

Eriksson J.G., Salonen M.K., Kajantie E. and Osmond C. (2018). 
Prenatal growth and CKD in older adults: Longitudinal findings from 
the Helsinki birth cohort study, 1924-1944. Am. J. Kidney Dis. 71, 
20-26. 

Faa G., Gerosa C., Fanni D., Nemolato S., Locci A., Cabras T., Marinelli 
V., Puddu M., Zaffanello M., Monga G. and Fanos V. (2010). Marked 
interindividual variability in renal maturation of preterm infants: 
Lessons from autopsy. J. Matern. Neonatal Med. 23, 129-133. 

Fagerudd J., Forsblom C., Pettersson-Fernholm K., Saraheimo M., 
Wadén J., Rönnback M., Rosengård-Bärlund M., af Björkesten C.G., 
Thorn L., Wessman M. and Groop P.H. (2006). Low birth weight 
does not increase the risk of nephropathy in finnish type 1 diabetic 
patients. Nephrol. Dial. Transplant. 21, 2159-2165. 

Gao Q., Lu C., Tian X., Zheng J. and Ding F. (2023). Urine podocyte 
mRNA loss in preterm infants and related perinatal risk factors. 
Pediatr. Nephrol. 38, 729-738. 

Good P.I., Li L., Hurst H.A., Serrano Herrera I., Xu K., Rao M., Bateman 
D.A., Al-Awqati Q., D’Agati V.D., Costantini F. and Lin F. (2023). 
Low nephron endowment increases susceptibility to renal stress and 
chronic kidney disease. JCI Insight 8, e161316. 

Griffin S. V. (2003). Podocyte proliferation and differentiation in 
glomerular disease: role of cell-cycle regulatory proteins. Nephrol. 
Dial. Transplant. 18, vi8-vi13. 

Grillo M.A., Mariani G. and Ferraris J.R. (2022). Prematurity and low 
birth weight in neonates as a risk factor for obesity, hypertension, 
and chronic kidney disease in pediatric and adult age. Front. Med. 8, 
769734. 

Grobe N., Scheiber J., Zhang H., Garbe C. and Wang X. (2023). Omics 
and Artificial Intelligence in Kidney Diseases. Adv. Kidney Dis. Heal. 
30, 47-52. 

Guarini A., Pereira M.P., van Baar A. and Sansavini A. (2021). Special 
issue: Preterm birth: research, intervention and developmental 
outcomes. Int. J. Environ. Res. Public Health 18, 3169. 

Gubhaju L., Sutherland M.R., Yoder B.A., Zulli A., Bertram J.F. and 
Black M.J. (2009). Is nephrogenesis affected by preterm birth? 
Studies in a non-human primate model. Am. J. Physiol. Ren. 
Physiol. 297, F1668-F1677. 

Gubhaju L., Sutherland M.R. and Black M.J. (2011). Preterm birth and 
the kidney: implications for long-term renal health. Reprod. Sci. 18, 
322-333. 

Hayashi A., Santo Y. and Satomura K. (2014). Proteinuria and 
glomerular hypertrophy in extremely low-birthweight children. 
Pediatr. Int. 56, 860-864. 

Hishikawa K. and Fujita T. (2006). Stem cells and kidney disease. 
Hypertens. Res. 29, 745-749. 

Hodgin J.B., Rasoulpour M., Markowitz G.S. and D’Agati V.D. (2009). 
Very low birth weight is a risk factor for secondary focal segmental 
glomerulosclerosis. Clin. J. Am. Soc. Nephrol. 4, 71-76. 

Hoy W.E., Rees M., Kile E., Mathews J.D. and Wang Z. (1999). A new 
dimension to the Barker hypothesis: Low birthweight and 
susceptibility to renal disease. Kidney Int. 56, 1072-1077. 

563

Podocyte role in preterm related CKD



Ikezumi Y., Suzuki T., Karasawa T., Yamada T., Hasegawa H., 
Nishimura H. and Uchiyama M. (2013). Low birthweight and 
premature birth are risk factors for podocytopenia and focal 
segmental glomerulosclerosis. Am. J. Nephrol. 38, 149-157. 

Jarmas A.E., Brunskill E.W., Chaturvedi P., Salomonis N. and Kopan R. 
(2021). Progenitor translatome changes coordinated by Tsc1 
increase perception of Wnt signals to end nephrogenesis. Nat. 
Commun. 12, 6332. 

Jensen E.A. and Schmidt B. (2014). Epidemiology of bronchopulmonary 
dysplasia. Birth Defects Res. Part A Clin. Mol. Teratol. 100, 145-157. 

Joshi M.S., Montgomery K.A., Giannone P.J., Bauer J.A. and Hanna 
M.H. (2017). Renal injury in neonates: use of “omics” for developing 
precision medicine in neonatology. Pediatr. Res. 81, 271-276. 

Kim Y.H., Goyal M., Kurnit D., Wharram B., Wiggins J., Holzman L., 
Kershaw D. and Wiggins R. (2001). Podocyte depletion and 
glomerulosclerosis have a direct relationship in the PAN-treated rat. 
Kidney Int. 60, 957-968. 

Levey A.S., Eckardt K.U., Dorman N.M., Christiansen S.L., Hoorn E.J., 
Ingelfinger J.R., Inker L.A., Levin A., Mehrotra R., Palevsky P.M., 
Perazella M.A., Tong A., Allison S.J., Bockenhauer D., Briggs J.P., 
Bromberg J.S., Davenport A., Feldman H.I., Fouque D., Gansevoort 
R.T., Gill J.S., Greene E.L., Hemmelgarn B.R., Kretzler M., Lambie 
M., Lane P.H., Laycock J., Leventhal S.E., Mittelman M., Morrissey 
P., Ostermann M., Rees L., Ronco P., Schaefer F., St. Clair Russell 
J., Vinck C., Walsh S.B., Weiner D.E., Cheung M., Jadoul M. and 
Winkelmayer W.C. (2020). Nomenclature for kidney function and 
disease: report of a Kidney Disease: Improving Global Outcomes 
(KDIGO) Consensus Conference. Kidney Int. 97, 1117-1129. 

Luyckx V.A., Bertram J.F., Brenner B.M., Fall C., Hoy W.E., Ozanne 
S.E. and Vikse B.E. (2013). Effect of fetal and child health on kidney 
development and long-term risk of hypertension and kidney disease. 
Lancet 382, 273-283. 

Magella B., Adam M., Potter A.S., Venkatasubramanian M., Chetal K., 
Hay S.B., Salomonis N. and Potter S.S. (2018). Cross-platform 
single cell analysis of kidney development shows stromal cells 
express Gdnf. Dev. Biol. 434, 36-47. 

Mercuro G., Bassareo P.P., Flore G., Fanos V., Dentamaro I., 
Scicchitano P., Laforgia N. and Ciccone M.M. (2013). Prematurity 
and low weight at birth as new conditions predisposing to an 
increased cardiovascular risk. Eur. J. Prev. Cardiol. 20, 357-367. 

Montemor M.S., Demarque G.F., Rodrigues A.S., Francisco R.P.V. and 
de Carvalho M.H.B. (2022). Association between preterm births and 
socioeconomic development: analysis of national data. BMC Public 
Health 22, 2014. 

Nada A., Bonachea E.M. and Askenazi D.J. (2017). Acute kidney injury 
in the fetus and neonate. Semin. Fetal Neonatal Med. 22, 90-97. 

Nishizaki N. and Shimizu T. (2022). The developmental origins of health 
and chronic kidney disease: Current status and practices in Japan. 
Pediatr. Int. 64, e15230. 

Oliva Trejo J.A., Asanuma K., Kim E.H., Takagi-Akiba M., Nonaka K., 
Hidaka T., Komatsu M., Tada N., Ueno T. and Tomino Y. (2014). 
Transient increase in proteinuria, poly-ubiquitylated proteins and ER 
stress markers in podocyte-specific autophagy-deficient mice 
following unilateral nephrectomy. Biochem. Biophys. Res. Commun. 
446, 1190-1196. 

Ream M.A. and Lehwald L. (2018). Neurologic consequences of 
preterm birth. Curr. Neurol. Neurosci. Rep. 18, 48. 

Rodríguez M.M., Gómez A.H., Abitbol C.L., Chandar J.J., Duara S. and 
Zilleruelo G.E. (2004). Histomorphometric analysis of postnatal 
glomerulogenesis in extremely preterm infants. Pediatr. Dev. Pathol. 

7, 17-25. 
Ryan D., Sutherland M.R., Flores T.J., Kent A.L., Dahlstrom J.E., 

Puelles V.G., Bertram J.F., McMahon A.P., Little M.H., Moore L. and 
Black M.J. (2018). Development of the human fetal kidney from mid 
to late gestation in male and female infants. 27, 275-283. 

Siffel C., Hirst A.K., Sarda S.P., Chen H., Ferber J., Kuzniewicz M.W. 
and Li D.-K. (2022). The clinical burden of extremely preterm birth in 
a large medical records database in the United States: 
complications, medication use, and healthcare resource utilization. 
J. Matern. Neonatal Med. 35, 10271-10278. 

Stelloh C., Allen K.P., Mattson D.L., Lerch-Gaggl A., Reddy S. and El-
Meanawy A. (2012). Prematurity in mice leads to reduction in 
nephron number, hypertension, and proteinuria. Transl. Res. 159, 
80-89. 

Stritzke A., Thomas S., Amin H., Fusch C. and Lodha A. (2017). Renal 
consequences of preterm birth. Mol. Cell. Pediatr. 4, 2. 

Sulemanji M. and Vakili K. (2013). Neonatal renal physiology. Semin. 
Pediatr. Surg. 22, 195-198. 

Sutherland M.R., Gubhaju L., Moore L., Kent A.L., Dahlstrom J.E., 
Horne R.S.C., Hoy W.E., Bertram J.F. and Black M.J. (2011). 
Accelerated maturation and abnormal morphology in the preterm 
neonatal kidney. J. Am. Soc. Nephrol. 22, 1365-1374. 

Tahmasebi S., Amiri M. and Sonenberg N. (2019). Translational control 
in stem cells. Front. Genet. 9, 709. 

Thomas R. and Kaskel F.J. (2009). It’s not over till the last glomerulus 
forms. Kidney Int. 76, 361-363. 

Tsai W.-C., Wu H.-Y., Peng Y.-S., Ko M.-J., Wu M.-S., Hung K.-Y., Wu 
K.-D., Chu T.-S. and Chien K.-L. (2016). Risk Factors for 
Development and Progression of Chronic Kidney Disease: A 
Systematic Review and Exploratory Meta-Analysis. Medicine 
(Baltimore). 95, e3013. 

Vikse B.E., Irgens L.M., Leivestad T., Hallan S. and Iversen B.M. 
(2008). Low birth weight increases risk for end-stage renal disease. 
J. Am. Soc. Nephrol. 19, 151-157. 

Vogel J.P., Chawanpaiboon S., Moller A.-B., Watananirun K., Bonet M. 
and Lumbiganon P. (2018). The global epidemiology of preterm 
birth. Best Pract. Res. Clin. Obstet. Gynaecol. 52, 3-12. 

Walani S.R. (2020). Global burden of preterm birth. Int. J. Gynecol. 
Obstet. 150, 31-33. 

Webster A.C., Nagler E. V., Morton R.L. and Masson P. (2017). Chronic 
kidney Disease. Lancet 389, 1238-1252. 

Wharram B.L., Goyal M., Wiggins J.E., Sanden S.K., Hussain S., 
Filipiak W.E., Saunders T.L., Dysko R.C., Kohno K., Holzman L.B. 
and Wiggins R.C. (2005). Podocyte depletion causes 
glomerulosclerosis: Diphtheria toxin-induced podocyte depletion in 
rats expressing human diphtheria toxin receptor transgene. J. Am. 
Soc. Nephrol. 16, 2941-2952. 

White S.L., Perkovic V., Cass A., Chang C.L., Poulter N.R., Spector T., 
Haysom L., Craig J.C., Salmi I. Al, Chadban S.J. and Huxley R.R. 
(2009). Is low birth weight an antecedent of CKD in later life? A 
systematic review of observational studies. Am. J. Kidney Dis. 54, 
248-261. 

Wiggins R.C. (2007). The spectrum of podocytopathies: A unifying view 
of glomerular diseases. Kidney Int. 71, 1205-1214. 

Zhang L., Chen Z., Gao Q., Liu G., Zheng J. and Ding F. (2023). 
Preterm birth leads to a decreased number of differentiated 
podocytes and accelerated podocyte differentiation. Front. Cell Dev. 
Biol. 11, 1142929. 

   
Accepted November 15, 2023

564

Podocyte role in preterm related CKD


