
Chapter 17 / Experimental Models of Acute Kidney Injury  99

CHAPTER 17 

Experimental Models of Acute Kidney Injury
Matthew J. Maiden

OBJECTIVES
This chapter will:
1. Identify different approaches to experimental models of 

acute kidney injury.
2. Describe the relevance of different models to human 

disease.
3. Describe the limitations of experimental models of acute 

kidney disease.

Our understanding of the pathophysiology of acute kidney 
injury (AKI) in critical illness has been derived largely 
from models of disease, with relatively few data from 
critically ill humans. This is largely because of the inability 
to simply and safely sample human renal tissue during 
critical illness, and limited capacity to reliably measure 
multiple renal physiologic parameters over time. Models 
of AKI allow conduct of experimental studies to assess 
renal function and structure while controlling variables 
such as blood flow, timing of disease, supportive therapies, 
exposure to nephrotoxins, and chronic renal disease. This 
preclinical research is essential to understand disease 
pathophysiology, develop and test new therapeutic strategies, 
and determine nephrotoxicity of chemical agents. However, 
there remain many limitations with models of human 
disease, and as yet, there have been no therapeutic agents 
developed with beneficial effects to humans with AKI. This 

chapter provides an outline of AKI models, highlighting 
some of the benefits, limitations, and future directions in 
this field of research.

IN VITRO MODELS OF ACUTE  
KIDNEY INJURY

Experimental studies conducted on components of the 
kidney in vitro, allow analysis of discrete cell types or 
functional units. In vitro models are reliable, reproducible 
and permit tight control of the cellular environment. 
However, these scientific ideals come at a cost, because 
they exclude other important factors that may influence 
disease (Fig. 17.1). Humoral factors, hemodynamic changes, 
interdependency with other organs, and the vast range of 
other variables encountered in the clinical setting are dif-
ficult to incorporate into these in vitro studies. Nevertheless, 
these models provide important insights into the cellular 
mechanisms of AKI and recovery from disease.

Cultured Renal Cells
Cultured renal cells provide a platform to study the cellular 
response to disease. They are relatively easy to obtain, 
using primary culture of freshly obtained renal tissue, or 
from immortalized cell lines that can be maintained for 
generations. Cells can be sourced from human renal tissue 
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FIGURE 17.1 A range of models is available to study acute kidney injury. These experimental models provide insights into pathophysiology 
of disease and allow new therapies to be developed and tested. Each model has its strength and limitations, as depicted in this figure. 
An appreciation of what information each model provides is essential before translation to the human context. 
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vitro models, the isolated kidney excludes extrarenal factors 
that also may alter renal function.

IN VIVO MODELS OF ACUTE KIDNEY INJURY

In vivo studies of the kidney allow assessment of renal 
structure and function in conjunction with renal blood 
supply, exposure to humoral factors, the interplay with 
other organs, and other elements of disease. Not surprisingly, 
one in vivo model does not replicate all the features of AKI 
encountered in humans. As a result, a vast array of experi-
mental models have been developed (Fig. 17.1). Models 
have differed according to the species and age of animal, 
type of acute disease, comorbidities, medical supports 
provided, and the mortality of the model.2

Most preclinical studies have used small animals (e.g., 
rats, mice). These animals are widely available, relatively 
inexpensive, easy to handle and can be standardized geneti-
cally. Given their short gestation and considerable litter 
sizes, large numbers can be studied and often are used to 
determine mortality rates. Because of their small size and 
limited blood volume, small-animal models do not allow 
multiple physiologic parameters to be analyzed simultane-
ously, and changes to physiology may be too small to detect 
with available monitoring techniques.

Large-animal models (e.g., sheep, pigs, dogs, primates) 
allow a range of physiologic parameters to be monitored 
concurrently. Their larger blood volume allows frequent 
sampling, while their size accommodates instrumentation 
with multiple physiologic monitors, including renal blood 
flow probes and an ability to take repeated tissue samples.3 
Pigs may be a credible animal species to study AKI because 
there is increasing understanding and experience with 
their genetic modification (transgenic pigs) for possible 
xenotransplantation.4

Renal Ischemia
Most in vivo research of AKI has been conducted on models 
of renal ischemia. The renal insult is reliable and hypo-
perfusion of the kidney had been assumed to account for 
most AKI in critical illness. However, renal ischemia models 
apply only to diseases that are known to be the consequence 
of reduced renal blood flow. In the clinical setting this 
applies to low cardiac output states, renal artery disease, 
and resection of the kidney for renal transplantation. This 
mechanism of disease does not necessarily represent the 
pathogenesis of acute renal dysfunction with other disease 
(e.g., sepsis, toxins).

Warm-ischemia reperfusion models are based on clamping 
the renal artery for a period of time. It is an easy and repro-
ducible model, with a good correlation between functional 
and structural changes. With increasing duration of ischemia, 
there is a reduction of glomerular filtration, altered tubular 
function, and morphologic changes that extends up from 
the medulla in a pattern observed in humans with renal 
ischemia.5 Morphologic studies typically reveal necrotic 
changes to tubular cells, with the pattern of pathologic 
appearances called acute tubular necrosis. Clinical relevance 
of these models is limited, because isolated occlusion of 
the renal artery is now a very uncommon cause of AKI in 
critical illness.6 The effect of renal venous congestion also 
must be considered, because experimental studies have 
shown this causes more severe renal dysfunction than 
arterial occlusion alone.7

or from other animals. Cultured renal cells have been used 
to study the cellular effects of ischemia, aminoglycosides, 
immunosuppressive agents, and radiocontrast. For example, 
cellular models of ischemia using depletion of ATP have 
revealed disruption of cytoskeleton, loss of tubule cell 
polarity, and impaired cell tight junctions, consistent with 
the pathologic appearances observed in biopsies of ischemic 
transplanted human kidneys.

It is important to recognize that studies of isolated renal 
cells contain only a single cell type (typically from the 
proximal convoluted tubule), exclude the cross-talk between 
other renal cells, and are unable to incorporate the impact 
of blood flow.

Isolated Renal Proximal Convoluted Tubules
Cells forming the proximal convoluted tubule can be 
separated from the other parts of the nephron and provide 
a more integrated study of tubular function compared with 
isolated renal cells. They have been used to study the effects 
of tubule ischemia and for toxicologic assays, using end 
points such as enzyme leakage, cellular metabolism, plasma 
membrane permeability, and tubular morphology. Unlike 
cultured renal cells, the cells in isolated tubules maintain 
differentiation and polarity, but a significant number of 
tubule cells are injured during the isolation process.

Isolated Glomeruli
Glomeruli are the largest part of the nephron and can be 
isolated through a tissue screen or magnetically separated 
after perfusion with iron particles. Glomeruli are incubated 
in cell culture medium and have been used to study the 
effect of toxic agents using end points such as filtration 
coefficient, albumin permeability, glomerular volume, 
mesangial contraction, and morphology.

Renal Tissue Slices
Renal slices provide a tissue assay to study nephrotoxicity 
of therapeutic agents and other chemical agents.1 Slices 
are incubated in oxygenated nutrient solution and remain 
metabolically differentiated for 24 to 48 hours. Markers of 
renal cell injury include enzyme leakage (e.g., lactate 
dehydrogenase), lipid peroxidation, and intracellular calcium 
content.

Isolated Perfused Kidney
An isolated perfused intact kidney is the least “disrupted” 
of all the in vitro models, maintaining glomerular, tubular, 
and vascular associations. The renal artery, vein, and ureter 
of an ex vivo kidney are cannulated, and the isolated organ 
perfused with oxygenated crystalloid solution (ideally with 
oxygenated erythrocytes). This model allows control over 
perfusate flow, oxygenation, nutrient composition, and 
temperature while providing assessment of glomerular 
filtration, electrolytes, urine production, and morphology. 
It has been used to assess the renal effects of nephrotoxic 
agents, endotoxin, inflammatory mediators, and thermal 
injury. However this model results in maldistribution of 
intrarenal perfusate, distorted glomerular filtration, medul-
lary tubular injury, interstitial urea washout, impaired solute 
reabsorption, and poor urine concentrating. As with all in 
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Methods of inducing sepsis in vivo typically involve 
administration of endotoxin, parenteral administration of 
live bacteria, or polymicrobial peritonitis.

ENDOTOXIN. Administering endotoxin is a convenient 
method of inducing a septic-type response.14 Endotoxin 
comprises fragments of protein, lipids, and polysaccharides 
from the cell wall of gram-negative bacteria. It can be 
purchased as a standard stable formulation, the dose readily 
adjusted, and it has a known dose-response effect on the 
host inflammatory reaction.

However there are a number of limitations of endotoxin 
models. Although endotoxin can lead to acute increases 
in pulmonary artery pressure and decreased systemic arterial 
pressure, the cardiac output typically falls. Endotoxin models 
stimulate only the innate immune system, induce an exag-
gerated but brief cytokine response,15 and do not replicate 
the effects of bacterial growth, replication, or other virulence 
factors. They do necessarily represent the consequences of 
a gram-positive infection. There is also marked interspecies 
variation in sensitivity to endotoxin, with rodents requiring 
doses a million times those to produce the same effect in 
humans.16,17

BACTEREMIA. A parenteral infusion of live bacteria, 
typically Escherichia coli, Pseudomonas, Staphylococcus, 
or Streptococcus spp., is another method of inducing sepsis. 
The amount of bacteria administered can be controlled, thus 
providing a standardized and reproducible septic insult. Live 
bacterial infusion stimulates an ongoing immune reaction, 
exposes the animal to bacterial growth and destruction, 
and produces a more gradual and sustained increase in 
cytokines as seen in the human septic response.14,15 The 
hemodynamic response to infusion of live bacteria is 
typically hyperdynamic, and animals develop acidosis, 
hypotension, high lactate, low systemic vascular resistance, 
multiorgan dysfunction, low glomerular filtration rate, and 
oliguria.

Inducing sepsis by infusion of bacteria is not without 
limitations. Logistically, preparation of a bacterial solution 
is more demanding than formulating purified endotoxin 
or invoking peritonitis. The choice of bacteria, strain, 
amount, and infusion rate can alter the septic response, 
and a single standardized bacteremia is not typical of the 
range of infectious encountered clinically.

PERITONITIS. Polymicrobial abdominal sepsis is a 
clinically relevant model of infection and can be induced 
by cecal ligation and puncture (CLP), bowel ischemia, or 
intraabdominal implantation of feces. These methods of 
inducing sepsis are relatively easy, but the amount and 
type of bacteria released are variable. CLP commonly is 
performed in rats and is reasonably reproducible. In contrast, 
large herbivorous animals have omentum that is very effec-
tive at localizing contamination and are remarkably tolerant 
of enteric infection. CLP in these animals produces a variable 
severity of sepsis18 and does not consistently lead to AKI.19 
Although this diversity of presentation is encountered 
clinically, the unreliable time to onset of sepsis and range 
of illness severity must be considered when planning 
experimental studies using CLP with these animals.

TRANSLATION TO HUMAN DISEASE

Despite many therapeutic agents appearing beneficial in 
models of AKI, none have yet proven effective when tested 
on humans in the clinical setting. For example, atrial 
natriuretic peptide, dopamine, and antibodies to tissue 
necrosis factor (TNF) had shown promise in models of AKI 

An alternative warm-ischemia model is to induce a low 
cardiac output state (e.g., hemorrhage, cardiac failure), a 
more clinically relevant cause of acute renal dysfunction. 
The duration of low cardiac output must be severe or 
prolonged enough to induce significant acute changes in 
renal function.

Cold-ischemia reperfusion models represent the processes 
that occur with renal transplantation. A kidney is removed, 
flushed with cold preservation fluid, and then transplanted 
to a recipient animal. It is a clinically relevant model and 
induces a tubular injury pattern different than warm-
ischemia, but it is technically more difficult because the 
kidney vasculature must be reanastomosed.

Renal ischemia models also have been used to inves-
tigate the effect of AKI on other organs. These have illus-
trated that renal ischemia increases circulating cytokine  
levels, neutrophil infiltration, endothelial permeability, 
and apoptosis in remote organs, contributing to multiorgan  
dysfunction.8

Nephrotoxins
Small animals have been used to study the effect of neph-
rotoxins such as cisplatin, heavy metals, aminoglycosides, 
radiocontrast, amphotericin, and the haem pigments. In 
vivo models have nicely illustrated that extent of renal 
injury after nephrotoxin exposure is exacerbated by multiple 
insults such as renal hypoperfusion, dehydration, or sepsis. 
However, susceptibility to nephrotoxins appears to differ 
between species. For example, rodents develop gentamicin 
nephropathy only with very large doses, and presents as 
acute polyuria associated with tubule cell necrosis. In 
humans, gentamicin-induced renal dysfunction occurs with 
lower doses and presents as oliguria with little tubular 
pathology.

Sepsis
Sepsis is the most common condition associated with AKI 
in critical illness. Despite its prevalence, there are few data 
from humans describing why renal function alters in sepsis. 
Most of our understanding of the pathophysiology of septic 
AKI has been obtained from in vivo models.

Sepsis is a notoriously heterogeneous disease, and there 
is not one model the represents every clinical scenario. 
Consequently a range of in vivo models has been devel-
oped, differing by animal species, age of animal, method 
of inducing sepsis, microorganisms, time course of sepsis 
(acute or protracted), underlying comorbidities, mortality 
of the model, anesthesia, provision of antibiotics and other 
supportive therapies (e.g., parenteral fluids, mechanical 
ventilation, catecholamine infusion).9 Although the diversity 
of experimental settings can be scientifically frustrating, this 
variety typifies the range sepsis conditions encountered in 
humans. It is important to consider how each sepsis model 
may translate to the clinical setting.

For example, one of the hallmarks of severe sepsis in 
humans is hyperdynamic shock with arteriolar vasodilation 
and an accompanying increase in cardiac output. Unfor-
tunately most in vivo models of septic AKI have not rep-
licated this hyperdynamic state,10 and assuming models of 
renal ischemia reflect the pathophysiology of septic AKI 
is invalid. Sheep develop a cardiovascular response to sepsis 
that is similar to that of humans, and this species has been 
used extensively to study the hemodynamics of sepsis and 
renal function3,11–13 (Fig. 17.2).
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supportive therapies. Parenteral fluids, catecholamine 
infusions, mechanical ventilation, provision of sedation, 
and temperature control may affect renal structure and 
function and should be applied to models of AKI in critical  
illness.

Single Versus Multiple Insults
Most models of acute renal dysfunction invoke one form of 
renal insult. However, in the clinical setting, exposure to one 
type of renal insult often is accompanied by another (e.g., 

but were not beneficial when tested in humans. The lack 
of successful translation from preclinical trials reflects 
limitations of the experimental models and scientific validity 
of the studies conducted.18–24

Supportive Therapies
Many models have rendered an animal severely ill and 
watched on as disease evolved, often with rapid onset 
of animal death. This is very different to what occurs to 
patients in an ICU, where they receive resuscitation and 
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FIGURE 17.2 Large animal in vivo models of acute kidney injury allow multiple physiologic parameters to be measured concurrently and 
over time (e.g., renal blood flow, urine flow, creatinine clearance, fractional excretion of sodium). A study of septic AKI conducted in 
sheep illustrated that a parenteral infusion of E. coli induced a reduction of creatinine clearance and urine output, despite an increase 
in renal blood flow (reproduced from Kidney International).10 CC, Creatinine clearance; RBF, renal blood flow; RVC, renal vascular 
conductance; UO, urine output. 
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Terminology
A range of terminology has been used in experimental 
studies of AKI. Beware what is being defined by terms 
such as acute renal failure, acute kidney injury, acute renal 
stress, and acute tubular necrosis. Consider if the study 
is examining glomerular filtration, tubular function, or 
other end points of renal function. If morphology studies 
are being conducted, determine which components of the 
kidney are being investigated and if these relate to the 
parameters of renal function. For example, AKI is defined 
by a loss of glomerular filtration (diagnosed by increased 
serum creatinine or oliguria), but morphology studies 
typically have reported the pathologic changes to renal 
tubules. Aligning structural and functional assessment of 
the kidney is essential.

Clinical studies are currently being conducted on agents 
that have appeared therapeutic and safe in models of AKI. 
These agents include N-acetylcysteine, erythropoietin, alpha-
melanocyte stimulating hormone (ABT-719), dopamine-1 
receptor agonist (fenoldopam), inhibitors of pro-apoptotic 
gene p53 (I5NP), mesenchymal stem cells (AC607), bone 
morphogenetic protein (THR-184), regulators of necroptosis 
(RIPK1), alkaline phosphatase, iron chelation (deferiprone), 
and cytopheresis. (Outlines of these studies can be found 
on https://clinicaltrials.gov.) We watch with interest to see 
if these experimental interventions translate to benefit in 
humans with AKI.

EMERGING RESEARCH TECHNIQUES

A number of recently developed research methodologies 
are being applied to models of AKI.

Tissue Engineering
Tissue engineering of the human kidney could provide an 
in vitro model that mimics the architecture and intercel-
lular interaction of the intact kidney.27 Three-dimensional 

radiocontrast exposure and hypovolemia, aminoglycoside 
therapy, sepsis, nonsteroidal antiinflammatory medications, 
and hemorrhagic shock).

Chronic Renal Disease and Age
The impact of premorbid chronic renal disease and the 
influence of animal age on renal susceptibility to acute 
disease are not factored into most models. Many studies 
use young animals reared in laboratory settings with little 
comorbid disease. The cytokine response to injury and 
infection changes with age, and some experimental therapies 
have appeared effective only in certain age groups. Therefore 
the age and premorbid condition of animals should reflect 
that of humans with AKI. Some mice AKI studies are now 
being conducted in aged and diabetic animals.

Genetic Diversity
Conducting preclinical studies with genetically manipulated 
strains of mice permits control of the impact of genetic 
diversity. Although these controlled models are scientifically 
important, they do not represent the genetic “wild-type” 
encountered clinically.

Severity of Disease
An in vivo model of AKI should have a relevant severity 
of disease and mortality rate. Most new therapies have 
appeared promising in highly lethal in vivo models, and 
their failure to translate to human studies may be due to 
the difference in disease severity and mortality.

Trajectory of Disease
AKI may occur after a fulminant sudden insult or follow 
a more protracted disease process that occurs over several 
days. Consider how an AKI model replicates the time course 
of a clinical disease and if an experimental therapy is being 
provided before or after onset of AKI.

Interspecies Differences
It is crucial to remember interspecies differences in renal 
physiology and susceptibility to disease. For example, the 
rat kidney has twice the concentrating ability as the human, 
and some animal species have greater susceptibility to 
hypoxia.25

Experimental Design
Models of disease should apply stringent scientific conduct, 
including randomization and blinding, appropriate controls 
groups for disease and experimental treatment, have a 
relevant primary end point, be adequately powered, imple-
ment clinically relevant supportive therapies, and have an 
appropriate severity of disease.26 Ideally, positive studies 
should be repeated in another laboratory and/or another 
model. In a review of highly cited animal studies published 
in the leading scientific journals, most animal studies were 
not blinded, had no random allocation, and were under-
powered to derive their conclusions21,22 (Fig. 17.3).
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FIGURE 17.3 Study methodology in 76 in vivo studies cited more 
than 500 times. All studies reported a beneficial effect in the model, 
but only 28 had a beneficial effect when tested in humans (repro-
duced from JAMA).22 
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Magnetic Resonance Imaging
New magnetic resonance imaging (MRI) protocols are 
providing opportunities to investigate structural and 
functional changes in models of AKI. Dynamic contrast 
MRI with gadolinium can illustrate renal perfusion, and 
given that it is freely filtered, also can be used to assess 
glomerular filtration. Blood oxygen level–dependent (BOLD) 
MRI maps distribution of deoxygenated hemoglobin and 
is well suited to outlining the relative hypoxic setting of 
the renal medulla. Arterial spin labeling MRI magnetically 
labels blood flowing into the kidney and can identify its 
distribution within the kidney. Other MRI-sensitive probes 
can be used to identify high-energy phosphate metabolism, 
changes to sodium gradients across the tubule, and molecular 
markers of cell death (Fig. 17.4).

reconstruction of renal cells in vitro requires a source of each 
renal cell type, scaffolding material, and culture solution. 
Tissue-engineered human kidneys will reduce the number 
of animals studied and negate interspecies differences in 
renal function. Although promising developments in this 
field are occurring, engineering the glomerulus (and its 
basement membrane) is proving a challenge.

Molecular Studies of Cell Death
Molecular studies recently have identified a number of 
different processes by which renal cells die.28 Necrosis is 
cell death caused by factors external to the cell; however, 
cells also can regulate their own death. These process 
include apoptosis, necroptosis, mitochondrial changes, 
parthanatos, and ferroptosis, each involving a unique target 
molecule such as phosphorylated mixed lineage kinase 
domain–like (MLKL), receptor-interacting protein kinase 
3 (RIPK3), cleaved caspases, and poly(ADP-ribose) poly-
merase 1 (PARP1). Future molecular studies will determine 
how cells die (and regenerate) in AKI and may provide 
future therapeutic targets.

Genetic Studies
Mice can be modified genetically using “knock out” or 
“knock in” models to examine the role of gene expression 
on the kidney in health and acute disease. Genetic studies 
can investigate how AKI may be the consequence of changes 
to renal transporters, pumps, cytokines, transcription factors, 
and regulators of cell death.

Zebrafish
Zebrafish (Danio rerio) have a high genetic conservation 
with humans and have some unique characteristics that 
make them an interesting model of AKI.29 Zebrafish embryos 
are transparent, grow quickly, and form two nephrons that 
are functionally similar to humans. Experimental studies 
have injured one nephron, leaving the other intact, while 
watching how the nephrons handle fluorescent-labeled 
molecules. Adult zebrafish form a network of nephrons, 
which are able to regenerate when injured. This provides 
a model to investigate regenerative processes and potential 
targets for therapy for AKI.

Microcirculation
Changes to the intrarenal distribution of blood flow is 
increasingly recognized to occur with AKI.30 Early research 
techniques involved perfusing the kidney with resin and 
then performing scanning electron microscopy. A number of 
techniques have since become available to allow assessment 
of the kidney microcirculation.31 Intravital video microscopy 
and multiphoton fluorescent microscopy provides images of 
the glomeruli and neighboring arterioles. Synchrotron-based 
angiography provides high-resolution representation of the 
microcirculation. Laser speckle contrast imaging applies 
infrared illumination to surface capillaries and records 
changes from moving erythrocytes. This technique is 
used to measure microcirculatory flow in retina and skin 
and may be useful to assess the superficial vessels of the 
kidney. All these techniques are limited by their expense, 
reproducibility, and technical demands.
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FIGURE 17.4 High-energy phosphate metabolism can be assessed by 
magnetic resonance spectroscopy of 31P. This experimental technique 
has illustrated that ATP metabolism appears preserved in a model 
of septic acute kidney injury, whereas in contrast, ATP levels 
decline after circulatory arrest.32 
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2. Ischemia-based models of renal injury dominate 
but have limited relevance to human disease.

3. Animal models of toxin-induced renal injury are 
easier to develop and relate to human disease but 
represent only a small fraction of clinically impor-
tant acute kidney injury.

4. Experimental models of sepsis are complex to 
develop and may reflect only specific septic 
syndromes rather than the whole spectrum of septic 
acute kidney injury.
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SUMMARY

Models of disease remain an essential research tool to 
understand pathophysiology of disease and develop new 
therapies for AKI. The range of experimental AKI models 
available varies in their ability to provide cellular mecha-
nistic insights into disease and clinical relevance. Given 
the diversity and complexity of disease processes associated 
with AKI, a range of models is required to provide the 
platforms to conduct experimental studies.

Reproducible tightly controlled in vitro AKI models help 
identify cellular processes that may contribute to disease, 
in vivo models provide integrative studies of how the kidney 
may behave during disease, and finally, preclinical studies 
in a clinically relevant model will identify if a therapy will 
be efficacious, safe, and worth testing in humans. Each 
type of model has its strength and limitations, and it is 
essential to remain cognizant of these when interpreting 
preclinical studies. We must avoid overinterpretation of 
preclinical data, ensure that studies are conducted with 
scientific rigor, and refrain from considering all AKI as a 
single disease entity. Appreciating these points will enhance 
translation between preclinical and clinical studies.

Key Points

1. In vitro studies can help understand key aspects 
of molecular biology but do not provide an inte-
grated view of the events under investigation.
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