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Review

A brief review of kidney development, maturation, developmental 
abnormalities, and drug toxicity: juvenile animal relevancy

John Curtis Seely1*

1 Experimental Pathology Laboratories, Inc., P.O. Box 12766, Research Triangle Park, NC 27709, USA

Abstract: Nonclinical juvenile animal tests perform a valuable role in determining adverse drug effects during periods of organogen-
esis and/or functional maturation. Developmental anatomic and functional maturation time points are important to consider between 
juveniles and adults when regarding different organ toxicities in response to drug administration. The kidney is an example of a major 
organ that has differences in these time points in comparing juveniles to adults and in contrasting humans to laboratory animal species. 
Toxicologic pathologists, involved in juvenile studies, need to be aware of these time points which are age-related exposure periods of 
sensitivity to drug toxicity. Age-related developmental anatomic and functional maturation are factors which can affect the way that 
a drug is absorbed, distributed, metabolized, and excreted (ADME). Changes to any component of ADME may alter drug toxicity 
resulting in kidney abnormalities, nephrotoxicity, or maturational disorders. Juvenile animal kidneys may either be less resistant or 
more resistant to known adult nephrotoxic drug effects. Furthermore, drug toxicity observed in juvenile animal kidneys may not always 
correspond to similar toxicities in humans. Juvenile animal nonclinical toxicology studies targeting the kidneys have to be carefully 
planned to attain the maximum knowledge from each study. (DOI: 10.1293/tox.2017-0006; J Toxicol Pathol 2017; 30: 125–133)
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Introduction

It is known that neonates, infants, or adolescents may 
react to drugs in ways that are difficult to predict from stud-
ies in adults. In other words, “juvenile animals are not little 
adults”1. Concerns over the lack of awareness of potential 
therapeutic drug toxicities in pediatric populations, the use 
of off-labeled drugs by physicians to treat children, and 
known medicinal adverse effects in children all contrib-
uted to the release of guidelines and recommendations for 
nonclinical studies evaluating drug products for pediatric 
populations2, 3. Listed in Table 1 are approximate equivalent 
ages of juveniles in humans, dogs, and rats3,4. Nonclinical 
juvenile studies are mainly conducted to detect toxicity or 
maturational defects since differences of sensitivity exist 
between adults and juveniles that can be chemical specific5, 

6. Juvenile studies are considered “compacted” animal mod-
els serving to study changes over a relatively short period. 
Juvenile studies help to bridge data deficiencies between re-
productive toxicology and adult toxicology studies, and aid 

in early hazard identification1, 4.
The kidney is one of the best characterized organ sys-

tems in developmental biology and is regarded as a “model” 
organ system to study organogenesis7. Mammalian kidneys 
develop similarly but developmental time points vary among 
species8. The process of nephron development or “nephro-
genesis” is important to understand since most developmen-
tal abnormalities or drug-related injury occurs during the 
period of nephron formation. Over the past several decades 
genomic technologies and knock-out mouse models have 
defined many of the genetic and molecular pathways associ-
ated with nephrogenesis9.

Toxicologic pathologists may have a fundamental 
understanding of kidney development but unaware of the 
histologic differences between juvenile and adult kidneys. 
Pathologists can refer to a recently published book chapter 
that illustrates the histologic appearance of the immature rat 
kidney to use as a guide in their studies10.

Developmental time points or “sensitive windows of 
exposure” are prenatal or postnatal periods of structural 
and functional kidney development which are vulnerable to 
chemical or drug administration11. For instance, depending 
on the age at exposure, drug administration may result in 
renal anomalies or malformations, nephrotoxicity, altered 
functional maturational, or have no effect. The range of tox-
icity or lack of toxicity in the juvenile animal is due to a 
number of factors including the competency of tubule func-
tion or the activity of enzymatic pathways in the immature 
animal11.
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The interest and increased numbers of juvenile ani-
mal toxicity tests reflect a growing need to predict chemical 
hazards in pediatric populations12. Juvenile kidney studies 
are emphasized because of the kidney’s ongoing postnatal 
periods of development and maturation13. Nonclinical study 
protocols designed to evaluate juvenile kidneys may contain 
procedures, end-points, and histological requirements that 
are unique for each study and dependent on the drug under 
investigation. In other cases, newer testing models or study 
designs may appear as alternatives to previous standard-
ize tests. For instance, the National Toxicology Program’s 
modified one generation (MOG) study which utilizes ani-
mals exposed at defined prenatal and postnatal time points 
can further examine subsets of F1 generation offspring for 
organ or systems toxicities14. The study design of the MOG 
study allows for the evaluation of reproductive parameters 
with the potential of “triggering” additional time points and 
examinations to look for any test article-related toxicities in 
juvenile animals.

The overall purpose of this brief review is to introduce 
and summarize key concepts in normal kidney develop-
ment, abnormal development, and developmental toxicity. 

It is not meant to be comprehensive or inclusive of all devel-
opmental and pathogenic mechanisms involved with neph-
rotoxicity in the juvenile kidney.

Kidney Development

Embryology
Developmentally, all mammals share a common se-

quential and structural process which arises from the inter-
mediate mesoderm, one of the embryonic germ layers, and 
includes the appearance of three stages of kidney develop-
ment; the pronephros, the mesonephros, and the metaneph-
ros or the adult kidney as depicted in Fig.1. The proneph-
ros and mesonephros are transient structures in mammals 
which regress allowing the metanephros or “metanephric 
kidney” to differentiate into the adult kidney15, 16.

The pronephros along with its duct is the first stage 
of kidney development and appears approximately around 
gestational day (GD) 22 in humans, GD 11 in the rat, and 
GD 8 in the mouse17, 18. It is nonfunctional but important 
since as the pronephros regresses the caudal portion of the 
pronephric duct remains and eventually becomes the Wolff-

Fig. 1.	 Schematic of kidney development representing the pronephros (A), mesonephros (B), and metaneph-
ros (C). Modified from Patten and Saxén (schematic courtesy of David Sabio).

Table 1.	 Approximate Equivalent Ages of Juveniles in Humans, Dogs, and Rats (Data from 
Osterberg; Lewis)

Category Human Dog Rat

Neonate birth–28 days 1–21 days 1–7 days
Infant 1–24 mos 3–6 wks 1–3 wks
Child 2–12 years 6–20 wks 3–9 wks
Adolescent 12–17 years 5–9 mos 9–13 wks
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ian duct. One function of the Wolffian duct is to induce the 
mesonephros to develop.

The mesonephros is the functional kidney of fish and 
amphibians but is nonfunctional in adult mammals. How-
ever, during mammalian embryogenesis, mesonephric 
nephrons are formed but later regress. The Wolffian duct 
elongates growing downwards to join the urogenital sinus. 
The urogenital sinus eventually differentiates into the uri-
nary bladder. During mesonephros, a diverticulum off the 
Wolffian duct becomes the ureteric bud (UB).

As the mesonephros regresses, the metanephric kidney 
develops by the outgrowth and branching of the UB into 
the metanephric mesenchyme (MM) initiating nephrogen-
esis or the formation of nephrons. The UB as it contacts the 
MM continues to branch, each branch representing a future 
nephron. In addition, the UB has an important role in con-
trolling kidney morphogenesis as well as determining the 
numbers of nephrons in the kidney19. The UB also contrib-
utes to the formation of the collecting ducts, renal pelvis, 
and ureters.

The kidney develops in close relationship with the 
male and female genital tracts. The Wolffian duct induces 
development of the Müllerian duct (paramesonephric duct) 
the anlagen of the female oviducts, uterus, cervix, and the 
upper portion of the vagina20. In males, and under the influ-
ence of testosterone, the Wolffian duct is transformed into 
the male excretory ducts, the epididymis and vas deferens. 
Subsequently, in males, the Müllerian duct regresses due to 
the production of anti-Müllerian hormone secreted by the 
Sertoli cells of the testes21.

Nephrogenesis
Nephrogenesis begins in the fetus and is completed in 

humans and mice before birth but continues postnatally in 
the rat as shown in Table 28, 10. The formation of nephrons 
involves tightly controlled genetic and molecular pathways 
which result in the transformation of the MM to epithelial 
lined structures which undergo further configurational 
changes to form nephrons. This entire process is termed 
mesenchymal-to-epithelial transformation (MET). Nephro-
genesis begins with the reciprocal inductive interactions 
between the MM and the UB22. Reciprocal induction refers 
to the mutually dependent exchange of signaling and regula-
tory molecules between the MM and UB as schematically 
represented in Fig. 2. Nephrogenesis induction is initiated 
by glial derived neurotrophic factor (Gdnf) expressed in the 
MM which induces UB outgrowth. However, further MET 

development is dependent on UB outgrowth into the MM 
before the transformation of mesenchyme to epithelium can 
actually begin. As with any major biological process, the 
entire process of MET involves a large number of molecules 
that are encoded by different gene families and regulated by 
signaling, growth, transcription, extracellular matrix, and 
other factors23. Overall, the genetic and molecular pathways 
regulating MET are highly complicated and several major 
genes and/or factors are predominantly expressed17, 18, 24–30. 
Table 3 contains a partial list of the more important selective 
mediators involved in MET. The Wt1 gene, in particular, has 
been studied extensively since it has been identified as hav-
ing a prominent role in MET and associated with the Wilm’s 
tumor or nephroblastoma31.

Nephrogenesis can be simply depicted as illustrated in 
Fig. 3. Early stages consist of a “cap” of aggregated MM 
around the tip of the UB. After contact with the UB, MM 
cells further condense and begin to epithelialize. As nephro-
genesis continues, the primitive epithelium initially forms 
small vesicles which undergo reorganizational patterning to 
form comma- and subsequent S-shaped bodies. As the S-
shape body elongates, vasculogenesis begins as endothelial 
cells migrate into the distal end of the S-shaped body. Fur-
ther nephron differentiation and formation of capillary loops 
denotes the beginning of glomerulogenesis. Also during this 
stage, portions of the S-shaped body begin to express mark-
ers for proximal and distal tubules. The primitive glomeruli 
continue to differentiate incorporating the vascular loops 
and allowing endothelial cells to contact visceral epithelial 
cells (early podocytes) forming the filtration barrier of the 
mature glomerulus. Within the MM, a multipotent progeni-
tor pool remains that does not undergo epithelialization ulti-
mately giving rise to interstitial and vascular cells27.

Table 2.	 Completion of Nephrogenesis (Data from Brown 
et al.; Zoetis and Hurtt)

Human 35–36 weeks; before birth

Monkey before birth
Pig postnatal week 3
Dog postnatal week 2
Rat postnatal day 11–15
Mouse before birth

Fig. 2.	 Nephrogenesis – Reciprocol Induction. The four initial steps 
of mesenchymal-to-epithelial transformation (MET) depen-
dent on the close interaction of metanephric mesenchyme 
(MM) and the urinary bud (UB).
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Histology
The histological appearance of the rodent kidney at 

birth and immediate postnatal period is very different from 
the appearance in adults. Histologically, three densely baso-
philic cortical zones (nephrogenic, juxtamedullary, and in-
tercortical) may be recognized as well as the renal medulla 
and the papilla10, 32. However, at this time point, tissue matu-
ration within the kidney varies because the medulla appears 
immature while the papilla appears more mature33. Nephro-
genic maturation occurs from the deeper cortex (juxtamed-

ullary zone) where older, larger, and more mature glomeruli 
are found in contrast to the outer cortex (nephrogenic zone) 
which contains newer, smaller, and immature nephrons that 
lack full differentiation as shown in Fig. 4. Four stages of 
nephrogenesis have been described during the postnatal pe-
riod and are summarized in Table 410, 32. The increase size 
of the kidney during the postnatal period is due to a com-
bination of tubule hypertrophy and hyperplasia followed 
by interstitial expansion which is temporally different for 
each zone33. These various zones change quickly underly-

Table 3.	 Selective Molecular Mediators Expressed during Nephrogenesis. Most Molecular Mediators are Expressed and Subjected to Posi-
tive and Negative Regulation by a Variety of Other Factors (Data from Kuure et al.; Dressler; McMahon)

Molecular Mediator Main Expression 
Location Targeted  Interaction

Gdnf – glial-cell derived neurotropic factor MM Initiates  UB outgrowth
c-ret UB Receptor for Gdnf
Wt1 –Wilm’s tumor suppressor MM Maintains metanephric mesenchyme; regulates glomerulogenesis; 
Pax 2 MM Regulatory factor in early MET
Bmp – bone morphogenesis factors MM Regulates MET
Wnt genes UB and MM Regulates MET
Eya- 1 MM Regulates Gdnf and MET
Vegf MM Regulates endothelial cell proliferation
Hox genes MM Regulates MET
Growth and transcription factors MM Signaling and regulatory function

MM: metanephric mesenchyme, UB: urinary bud, MET: mesenchyme-to-epithelial transformation.

Fig. 3.	 Schematic representation of nephrogenesis illustrating the configurational changes as nephrons develop. Modified from 
Saxén, Cho and Dressler, Dressler, and McMahon (schematic courtesy of David Sabio).
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ing the need for collecting age-matched control histological 
samples at multiple time points for comparative purposes.

Maturation

The kidneys, at birth and the postnatal period are 
marked by growth and physiologic functional changes that 
adapt to extra-uterine life and progress to adult renal func-
tion34. Juvenile animals are born functionally immature 
with regard to renal physiologic capacity and the acquisition 
of functional maturity may be just as importance as struc-
tural development when recognizing short or long term ad-
verse drug toxicity effects. In general, immature rat kidneys 
quickly mature to full functional levels between birth and 
weanling but full functional maturation may take 2–3 years 
in the human and 5 months in the monkey35. Functional ma-
turity of the kidney lags behind anatomic maturation in all 
species36.

Functional maturity is dependent on many factors. The 
reduced tubular mass and lack of tubule maturity in neonatal 
or juvenile kidneys are responsible for an inability to main-
tain kidney homeostasis36. Renal blood flow, glomerular 
filtration rate (GFR), tubule secretion and absorption, main-
tenance of acid-base equilibrium, and urine concentrating 
mechanisms are all reduced in the juvenile animal6, 11, 34–36. 

Furthermore, levels of organic anion transporters needed 
to help with drug and toxin elimination, are also reduced37. 
Therefore, functional immaturity exposes the juvenile kid-
ney to more toxic agents by decreasing drug clearance or its 
ability to detoxify drugs or their metabolites34, 37. Paradoxi-
cally, in some cases of drug administration, the decrease in 
functional maturity may actually protect the juvenile kidney 
due to the inability of the kidney to deliver toxic agents to 
vulnerable tubules and the decreased ability to concentrate 
toxic agents in tubules to toxic levels.

Functional maturation end-points in humans and labo-
ratory animals are generally well characterized2, 8, 11, 35, 38, 39. 
Studies in rats have evaluated functional maturation in neo-
nates and weanlings while also examining how effectively 
juvenile animals can respond to physiological challenges 
in their ability to maintain kidney homeostasis40–43. Gener-
ally, as mentioned previously, these studies indicated that 
functional maturation, although weak at birth, accelerates 
rapidly.

Clinical pathology determinations are used not only 
to monitor drug toxicity but can help determine functional 
maturation. Conducting clinical pathology assessments on 
juvenile rodent kidneys present certain problems that need 
to be addressed. For instance, pups can’t be removed from 
dams before weanling and sampling of blood or urine vol-
ume may not yield quantities sufficient for normal testing 
clinical determinations. Other concerns might involve the 
most appropriate type of testing methodology to use and the 
need for age-matched historical control samples13.

Developmental Abnormalities

Developmental renal abnormalities or malformations 
may arise spontaneously, associated with genetic disorders, 
or can be induced. Table 5 contains an abbreviated list of 
kidney teratogens reported in humans34, 44. Renal abnormal-
ities represent a heterogeneous group of disorders that in-
clude, but may not be limited to, agenesis, hypoplasia, dys-
plasia, ectopic, fused, or cystic kidneys. Although rodents 
generally have few spontaneous kidney malformations hu-
man kidney malformations are among the most common 
birth defects in humans19, 45, 46. Congenital anomalies of the 
kidney and urinary tract (CAKUT) account for a reported 
range of 20–50% of children with chronic kidney disease or 
abdominal masses in neonates45, 47, 48. Many of these kidney 
abnormalities are linked to specific gene mutations associ-

Fig. 4.	 Histological appearance of postnatal day 11 rat kidney. Most 
glomeruli, particularly in the outer cortex, are immature ap-
pearing. Tubules are not fully mature.

Table 4.	 Four Histological Stages of Postnatal Nephrogenesis (Data from Brown et al.; Dodge)

Stage 1 Nephrogenesis Nephrons consist of ellipsoid vesicles near kidney surface embedded in the cortical nephrogenic zone; 
ellipsoids appear as undifferentiated epithelial cells.

Stage 2 Nephrogenesis Nephrons are still located in the nephrogenic zone; appear as undifferentiated epithelial lined  
comma-shaped and S-shaped structures; S-shaped bodies contain tubule and glomerular anlages.

Stage 3 Nephrogenesis Nephrons are present in the deeper juxtamedullary cortex; have recognizable glomeruli containing capil-
lary loops, and podocyte differentiation; tubule segments are distinguishable but not fully differentiated.

Stage 4 Nephrogenesis Nephrons in the juxtamedullary zone have mature characteristics; glomeruli are larger with well-defined 
capillary loops and Bowman’s capsules; tubules have segment specific characteristics. 
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ated with a defect in kidney organogenesis48, 49. Even small 
developmental defects may have serious consequences. For 
example, positioning or branching defects of the UB or 
misplaced gene expressions may result in congenital renal 
anomalies that can lead to reflux, obstruction and hydrone-
phrosis in children19, 26, 47. There are many genetically al-
tered mouse models that have been developed to study the 
effects of specific gene deletion and renal abnormalities. For 
instance, Gdnf deficient mice do not develop kidneys be-
cause Gdnf is required to induce UB outgrowth initiating 
nephrogenesis50, 51. Interested individuals may want to con-
sult the Genitourinary Developmental Molecular Anatomy 
Project (GUDMAP) an evolving database that provides re-
search information on developmental kidney research and 
novel mouse strains targeting specific genes52.

The developing kidney in humans exposed to poor ma-
ternal intrauterine conditions such as malnutrition, disease, 
stress, or poverty seem to develop kidney deficits that have 
been linked to disease conditions appearing later in adult 
life53, 54. Barker cited epidemiological studies which found 
that individuals born from women with clinical histories of 
fetal intrauterine growth retardation (IUGR) or individuals 
born with significant lower birth weights were at risk to de-
velop ischemic cardiovascular disease, pulmonary obstruc-
tive disease, or hypertension later in adult life53. The as-
sumption arising from these observations was postulated as 
“fetal programming of adult disease” and hypothesized that 
adverse events occurring in fetal life could affect adult life55. 
More fascinating are human studies that demonstrated the 
direct relationship of lower nephron numbers or deficits to 
adult hypertension56–59. Animal models using various meth-
ods to recreate IUGR such as low protein diets or uterine 
artery ligation models in rat studies also resulted in reduced 
populations of nephrons and elevated blood pressure60, 61. 
Another uterine ligation model using rabbits also resulted in 
kidney growth retardation and nephron deficits62. Further-
more, the relationship between the number of nephrons and 
hypertension was investigated in the spontaneously hyper-
tensive rat (SHR). Glomerular counts, indicative of actual 
nephron numbers, were lower in the SHR when compared 
to normal rats63.

Drug Toxicity

Juvenile renal studies are usually recommended or re-
quired when the drug under investigation is targeted for a 
pediatric population in which drug toxicity was observed 
in adult animal studies. Therefore, in designing nonclinical 
juvenile animal kidney studies it is necessary to consider 
the class of drug, anticipated renal effects, fetal or postnatal 
age at dosing, the period of dosing, histopathology, clinical 
pathology requirements, and any ancillary tests in order ob-
tain the maximum information possible. Therefore, juvenile 
kidney studies are more likely to be designed “case by case”.

As previously discussed, the outcome of renal drug 
toxicity in the juvenile kidney depends primarily on the age 
of structural development and the stage of functional matu-
rity. Pharmacokinetic factors that determine the ADME of 
drugs and the interrelationship between these factors and 
drug toxicity depends largely on maintaining a fine bal-
ance between metabolism and drug clearance mechanisms 
through the kidneys64. Any disturbances in the expression 
of genetic factors, altering blood flow and expression of tu-
bule transporters, or by causing maturational delays may 
influence toxicity65, 66.

Conversely, in some cases, the developing kidney is 
more resistant to toxicity than the adult11. For instance, the 
relative tolerance of the developing kidney to some drugs 
may be explained by the immaturity of pharmacokinetic en-
zyme systems or by the immaturity and distribution of the 
renal blood flow which spares certain tubules from receiv-
ing toxic concentrations of a drug35, 67.

Unfortunately, it was apparent that inadvertent drug 
administration to pregnant women resulted in abnormal fe-
tal kidney development and birth defects. Drugs recognized 
as nephroteratogens include aminoglycosides, cyclospo-
rines, angiotension converting enzyme (ACE) inhibitors, 
prostaglandin synthetase inhibitors, steroids, furosemide, 
thalidomide and antiepileptic drugs and are not recom-
mended during pregnancy65, 68. Of recent concern, as the 
number of older pregnant women become pregnant, is the 
potential threat of increased fetal exposures to nephrotera-
togenic drugs69.

An example that is often cited as an age-dependent 
teratogen is the administration of ACE inhibitors during 
kidney development. The renin-angiotensin aldosterone 
system is expressed in the developing kidney and has a role 
in several normal body functions including regulating blood 
pressure and extracellular fluid volume11. Interruption of 
angiotensin-mediated receptor processes by ACE inhibitors 
resulted in renal dysplasia and other renal abnormalities in 
infants from mothers given these drugs during pregnancy 
to treat hypertension70. ACE inhibitors given to pregnant 
monkeys also resulted in similar renal anomalies35. No renal 
abnormalities were seen when ACE inhibitors were given 
postnatally after completion of nephrogenesis. Exposure 
with ACE inhibitors to newborn rats, with ongoing postna-
tal kidney development, induced renal abnormalities similar 
to those observed in human infants and included papillary 

Table 5.	 Maternal Factors and Nephroteratogens Associ-
ated with Abnormal Kidney Development (Data 
from Solhaug et al.; Upadhyay and Silverstein)

Poor maternal health 
Maternal malnutrition
Maternal stress
Maternal smoking/alcohol
Illicit drugs
Therapeutic drugs
Radiation
Chemicals
Toxic metals
Environmental toxins 
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atrophy, thickening of cortical arteries, tubule atrophy, tu-
bule dilatation, fibrosis, and inflammatory cell infiltrates71.

Summary

Kidney development is basically similar for all mam-
mals. During renal organogenesis, 3 sequential stages arise 
from embryonic mesoderm terminating in the metanephros 
or adult kidney. Nephrogenesis, or the formation of neph-
rons, is a process that uniquely transforms metanephric 
mesenchyme to epithelium and involves a complex and co-
ordinated array of genetic and molecular pathways.

The kidney, like other major organs, has “sensitive 
windows of exposure”. Exposure to a wide variety of chemi-
cals or drugs at crucial periods may result in malformations, 
nephrotoxicity, or functional maturation defects depend-
ing on the developmental time point of exposure. Although 
there are species differences “sensitive windows of expo-
sure” time points are generally well known for humans and 
laboratory animal species.

Congenital anomalies of the kidney or malformations 
are common in humans but less common in laboratory ani-
mals. Genetic mutations associated with specific kidney 
anomalies are known in both humans and animals. Geneti-
cally altered mice are used routinely to investigate the role 
of genes during kidney development and have assisted in 
the investigations of genetic mutations and malformations. 
In addition, kidney malformations may arise from fetal ex-
posure to diverse types of nephroteratogens.

Growth and development of the kidney may be com-
promised during fetal life and subsequently associated with 
clinical disease later in adult life. Epidemiological, human, 
and animal investigations provide strong evidence that the 
theory “fetal programming of adult disease”, as a cause of 
some cases of adult hypertension, is a real entity.

The pathology of renal toxicology is essentially simi-
lar between juveniles and adults. However, the extent and 
severity of either direct or indirect drug-related toxicity is 
strongly influenced by the stage of renal development at the 
time of drug exposure.

Toxicologic pathologists need to carefully evaluate ju-
venile kidneys keeping in mind the unique structural and 
physiological differences between juveniles and adults. 
Harmonized guidelines for recommending specific age-
related renal clinical pathology, biomarker, or histopathol-
ogy end-points need to be proposed to standardize historical 
control data among laboratories and to ensure time relevant 
data collection. Extrapolation of nonclinical juvenile kidney 
studies to human risk assessment needs to account for spe-
cies specific differences in structural and functional matu-
ration.

In summary, and to emphasize the serious relation-
ship between kidney development and drug administration, 
Schreuder and his colleagues remarked that “No drug, in 
their experience, has been proven safe to use during renal 
development”65.
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