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We have developed and evaluated an in vitro culture method for
assessing ischemic injury in primary mouse renal tubular epithelial
cells (RTEC) in which to explore the pathobiology underlying
acute kidney injury. RTEC were predominately of proximal tubule
origin which is most susceptible to ischemic injury as compared to
other nephron segments. Oxidative stress was induced by chemically depleting ATP using Antimycin A and 2-Deoxy-D-Glucose
and by exposing cells to a 1% oxygen environment. Necrotic injury
was assessed by measuring LDH released into culture supernatants.
Optimal dose and time of exposure to each injury agent was determined for induction of mild, moderate and severe ischemic injury
defined as LDH release of <20%, 21–49% and >50% above baseline respectively. Antimycin A and 2-Deoxy-D-Glucose produced
a progressive increase in LDH release which was time dependent
but chemical concentration independent. A 1% oxygen environment also induced cell injury over time but only if glucose was
absent from the culture media. Antimycin A was most effective at
inducing oxidative stress causing a mean LDH release of 61% at 48
hr compared to 19% and 50% LDH release induced by 2-DeoxyD-Glucose and by exposure to1% oxygen respectively at the same
48 hour time point.
The cell culture method described provides several advantages
including the use of serum free media and the ability to grow
primary cells without matrix support. The LDH assay for injury
assessment is reproducible, cost effective, objective and minimizes
background cell death. A simple method for the culture and injury
of primary mouse renal tubular epithelial cells has thereby been
established and provides a useful tool for future investigations of
ischemic kidney injury.

Introduction
Despite continued high morbidity and mortality, therapies for
the prevention and treatment of acute kidney injury are still lacking.
The majority of clinical cases of acute tubular necrosis are caused by
ischemic rather than toxic injury.1 Renal ischemia-reperfusion injury
is characterized by significant depletion of ATP and a reduction in
tissue oxygen content that is accompanied by increases in intracellular calcium.2 In vitro, primary renal tubular epithelial cells have
previously been shown to die of apoptosis or necrosis depending
upon the severity of ATP depletion. Necrosis is characterized by
rapid metabolic collapse that leads to early loss of plasma membrane
integrity and the release of cytosolic contents including proteins
such as lactate dehydrogenase (LDH).3 LDH is an enzyme which
catalyzes the conversion of lactate to pyruvate at a rate determined by
positive feedback inhibition and is retained in the cytosol unless the
cell membrane is compromised. While necrotic tissue injury is often
evaluated by quantifying the amount of LDH released into blood
plasma, LDH release is not specific for necrotic cell death. Therefore
the amount of LDH release attributable to necrotic verses apoptotic
cell death cannot be discerned by quantifying LDH release.
Therapies aimed at blocking apoptosis only and which do not
target necrosis may be ineffective strategies in the treatment of acute
kidney injury. In vitro models of reproducible injury to renal tubular
epithelial cells are necessary for understanding renal damage and
repair mechanisms and for testing potential therapies.
The purpose of this study was to establish a consistent method
for evaluating mild, moderate and severe ischemic injury to primary
mouse renal tubular epithelial cells (RTEC).
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Cell culture of renal tubular epithelial cells. Optimal conditions for the culture of primary renal tubule epithelial cells (RTEC)
were successfully established as seen by characteristic cobblestone
morphology of epithelial cells (Fig. 1C). Proximal tubule epithelial cells are the most susceptible to ischemic injury. The cultured
epithelial cells, although a heterogeneous population, were predominantly of proximal tubule origin as seen by fluorescent staining with
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megalin, a proximal tubule brush border specific marker (Fig. 1D).
Loss of adherens junctions is an early event in ischemic injury to
tubular epithelial cells. As shown in Figure 1E-F, RTEC displayed
prominent E-cadherin staining under normoxic conditions which
was diminished upon exposure to hypoxia.
Antimycin A depletion of ATP. The time of exposure rather than
the concentration of Antimycin A largely determined the extent of
injury to RTEC. Antimycin A added to cell cultures at 0.5 mM, 1.0
mM, 2.0 mM and 3.0 mM resulted in LDH release ranging from
14–25% at 12 hr to 46–52% at 48 hr. Baseline LDH release in the
presence of vehicle media (DMEM without dextrose/1%ETOH)
was determined for each time point and ranged from 16% at 12 hr
to 20% at 48 hr (Fig. 2A). In independent experiments, addition of
2uM Antimycin A to cell cultures resulted in LDH release ranging
from 22% at 12 hr to 61% at 48 hr following subtraction of baseline
LDH release (Fig. 2B).
2-Deoxy-D-Glucose depletion of ATP. There was no significant
difference in injury induced by 2-Deoxy-D-Glucose added at 4
mM, 5 mM, 6 mM and 8 mM concentrations at each time point
tested. Baseline LDH release due to vehicle media (DMEM without
dextrose) ranged from 13% at 12 hr to 17% at 48 hr (Fig. 3A).
Exposure of cells to 4 mM 2-Deoxy-D-Glucose for 48 hr resulted in
a 19% LDH which was 11% greater than the 17% baseline LDH
release at 48 hr (Figure 3B).
Chamber hypoxia depletion of ATP. As the environmental oxygen
concentration in the hypoxic chamber was constant, the amount of
injury induced by the chamber was dependent upon the amount of
glucose in the culture media and the exposure time to hypoxia. There
was little difference in the LDH release between cultures with media
containing no dextrose or 0.5 mM, 1.0 mM and 10 mM concentrations of dextrose at the 12 hr and 18 hr time points. Increased LDH
release occurred with 0.5 mM of dextrose and a 24 hr exposure time
as well as no dextrose at the 24 hr and 48 hr time points. Vehicle
media (DMEM without dextrose) resulted in baseline LDH release
of 13% at 12 hr to 17% at 48 hr (Fig. 4A). As shown in Figure 4C,
a time course using DMEM without dextrose resulted in an LDH
release of 21% at 24 hr and 50% at 48 hr following subtraction of
baseline LDH release for these time points which was 12% and 17%
respectively. A summary of the conditions for ischemic injury are
shown in Table 1.

Materials and Methods
Mice. The C57Bl6 strain was chosen as the source for RTEC
culture as they are most often used as the background for genetic
manipulation. Mice were purchased from Jackson Laboratories, Bar
Harbor, ME. All animal protocols were approved by the Institutional
Animal Care and Use Committee of Maine Medical Center Research
Institute, Scarborough ME. All mice were male and 8–16 weeks of
age at the time of testing.
Culture of primary renal tubular epithelial cells. Mouse primary
proximal tubules were recovered, dissociated and digested as previously described.4 Mice were anesthetized with Isoflurane and
sacrificed by cervical dislocation. Kidneys were immediately removed
and placed in cold (0˚C) Hanks Balanced Salt Solution (HBSS)
(Invitrogen Corp., Carlsbad, CA) with 1% antibiotic/antimycotic
(Sigma-Aldrich, St. Louis, MO). The renal capsule was removed,
and the kidney sagittally cut into two halves. The medulla was
34

Figure 1. Culture of mouse primary renal tubule epithelial cells. (A) Kidney
cortices, abundant in proximal tubular epithelial cells, were digested,
resuspended in kidney culture media (KCM) and plated at a previously
determined optimal density. (B) On day 2 of culture, tubular epithelial cells
migrated out of the tubes and proliferated, forming patches on the plate
surface. (C) Individual patches of epithelial cells merged and the cultures
reached 90% confluency on day 7–10. (D) Epithelial cells were identified as
originating from proximal tubules by the brush border specific marker megalin fluorescently tagged with Alexa fluor 488. (E) Under normoxic conditions,
E cadherin was prominent on tubular epithelial cells. (F) Upon exposure to
hypoxic (1% oxygen) conditions, E-cadherin staining was diminished.

dissected and discarded from each half. The remaining cortical tissue
was minced and transferred to 10 mL HBSS containing Collagenase
(Worthington Biochemical Corp., Lakewood, N.J.) at 200 units/mL
and Soybean Trypsin Inhibitor (Invitrogen Corp.) added at the same
weight as determined for the Collagenase. Tubules were incubated at
37˚C while rotating at 70 RPM for 15 minutes. The tubule suspension was mixed with a 10 mL pipet and returned to the incubator
for an additional 15 minutes. Following digestion, tubules from each
kidney were mixed again and the tubule suspension divided into
two 15 mL conical tubes with 5 mL per tube (two tubes of 5 mL
each per kidney). Density sedimentation with horse serum was used
to inactivate enzymes and enrich for the proximal tubules. To
accomplish this, 5 mL of sterile, heat inactivated horse serum
(Invitrogen Corp.) was added to each tube and the tube vortexed for
30 seconds. Tubules were allowed to sediment for one minute. After
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Figure 2. Antimycin A depletion of ATP. Antimycin A was added to cell cultures and injury
assessed by the LDH released into culture supernatants. (A) The 0.5 mM concentration
did not significantly increase the LDH release unless incubated for 48 hr (p < 0.05). In
contrast, the 1.0 mM, 2.0 mM and 3.0 mM concentrations produced significant injury at
24 hr and 48 hr (p < 0.01). The LDH release in the presence of media control did not
significantly increase over time and ranged from 16% at 12 hr to 20% at 48 hr. (B) A 2
mM concentration of Antimycin A produced LDH release ranging from 10% at 12 hr to
62% at 48 hr above baseline.

one minute, the supernatant containing the proximal
tubules was removed, transferred to another tube and
centrifuged for 7 minutes at 200 g. Tubules were washed
once with 10 mL of HBSS and centrifuged at 200 g for 7
minutes. Tubules were then combined and resuspended in
60 mL of Kidney Culture Media (KCM) which consisted
of DMEM/F-12 culture media (Invitrogen Corp.)
containing insulin/transferrin/selenium (Invitrogen,
5 mg/mL, 2.75 mg/mL and 3.35 ng/mL respectively), plus
2.0 mg/mL APO transferrin (Sigma-Aldrich), 40 ng/mL
(0.11 mM) hydrocortisone (Sigma-Aldrich), 0.01 mg/mL
recombinant human epidermal growth factor (rhEGF
from R&D Systems, Minneapolis, MN), and 1% antibiotic/antimycotic solution (Sigma-Aldrich, 10,000 units/
mL penicillin, 0.1 mg/mL streptomycin and 0.25 mg/
mL amphotericin B). Dilutional studies were performed
previously to determine the volume of resuspended
tubules needed for each plating format to ensure optimal
growth. Tubules were plated on Nunclon-treated tissue
culture plates (Nalgene/Nunc International, Rochester,
NY) in 96 well (200 mL/well), 48 well (1.0 mL/well),
24 well (1.5 mL/well) or 6 well (3 mL/well) plate formats.
Cultures were incubated at 37˚C with 5% CO2. Culture
media was replaced initially at 24 hours and subsequently
every 48–72 hours using KCM without rhEGF.
Ischemic injury induction. Ischemic injury was
induced using Antimycin A, 2-Deoxy-D-Glucose or
chamber hypoxia on day 7–10 when RTEC cultures had
grown to 80–90% confluency. Cells were incubated in a
200 mL volume of either vehicle media (for determination of baseline LDH release) or injury inducing agents at
37˚C with 5% CO2 for 12 hr, 18 hr, 24 hr and 48 hr.
Antimycin A. 0.5 mM, 1.0 mM, 2.0 mM and 3.0
mM concentrations of Antimycin A in DMEM without
dextrose (Invitrogen) were prepared from a 200 mM
stock solution in 95% ETOH. Vehicle control media
was DMEM without dextrose and with 1% ETOH.
2-Deoxy-D-Glucose. 4 mM, 5 mM, 6 mM and 8 mM
concentrations of 2-Deoxy-D-Glucose were prepared in
DMEM without dextrose. Vehicle control media was
DMEM without dextrose.
Hypoxia. A hypoxic (1% oxygen) environment
was achieved using the Modular Incubator Chamber
(Billups-Rothenberg Inc., Del Mar, CA). To do this,
each chamber was purged for 4 minutes with a certified
gas mixture consisting of 5% CO2 and 94% Nitrogen.
Chambers were placed in a 37˚C incubator for 30
Figure 3. 2-Deoxy-D-Glucose depletion of ATP. 2-Deoxy-DGlucose was added to cell cultures and injury assessed by
the LDH released into culture supernatants. (A) At 24 hr, the
4 mM and 6 uM concentrations significantly increased the
LDH release. All concentrations of 2-Deoxy-D-Glucose significantly increased the LDH release at 48 hr (p < 0.02). The LDH
release in the presence of media control did not significantly
increase over time and ranged from 13% at 12 hr to 17%
at 48 hr. (B) A 4 mM concentration of 2-Deoxy-D-Glucose
produced an LDH release ranging from 6% at 12 hr to 19% at
48 hr above baseline.
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minutes, removed and re-purged for an additional
4 minutes and then returned to the incubator for the
times indicated above. Cell culture media for chamber
hypoxia experiments was DMEM without dextrose, or
0.5 mM, 1.0 mM and 10 mM of dextrose.
Controls. Baseline injury due to incubation of cell
cultures in vehicle media (DMEM without dextrose for
2-Deoxy-D-Glucose and chamber hypoxia or DMEM
without dextrose and with 1% ETOH for Antimycin
A) was determined by incubation at 37˚C with 5%
CO2 under ambient air (normoxic) conditions for 12
hr, 18 hr, 24 hr and 48 hr.
LDH assay. Ischemic injury was assessed with
the Non-Radioactive Cytotoxicity Assay (Promega,
Madison, WI) according to a modification of the manufacturers’ protocol. Following treatment, 200 mL of
supernatants (total volume in each well) were removed
from culture test or control wells and transferred to a
96 well plate. Cells were then lysed by adding 20 Figure 4. Chamber hypoxia depletion of ATP. Confluent cell cultures were incubated in
mL of 1% Triton-X lysis solution to each well for 10 a 1% oxygen environment at 37˚C and injury assessed by the LDH released into culture
minutes at room temperature. 180 mL of PBS was supernatants. (A) Significant increases in LDH release resulted from no dextrose and 1.0
then added and the lysates transferred to a separate 96 mM dextrose addition to the culture media for 24 hr (p < 0.05); LDH release was signifiwell plate. Each plate was centrifuged at 2000 RPM cantly increased at 48 hr in the presence of no dextrose, 0.5 mM and 1.0 mM dextrose
concentrations (p < 0.005). The LDH released under normoxic (ambient air) conditions at
for 10 minutes. A 50 mL volume was removed from 37˚C in cells cultured in DMEM without dextrose resulted in LDH release ranging from 13%
each well for reaction with the LDH substrate. Optical at 12 hr to 17% at 48 hr. (B) Incubation of cell cultures in DMEM without dextrose under
density (OD) was read on a MRXTC Revelation spec- hypoxic conditions (1% oxygen) produced an LDH release ranging from 4% at 12 hr to
trophotometer (Dynex Laboratories, Chantilly, VA) 50% at 48 hr above baseline.
at a wavelength of 490 nm. An LDH positive control
(Promega) was tested in each assay. Each test was
performed in triplicate and the average of triplicate wells used in E-cadherin, maintain cell-cell contacts and are linked to the
the final calculations. The LDH released from necrotic cells due to actin cytoskeleton by β-catenin.6 Ischemic injury results in loss of
injury was compared to the total LDH release (LDH in the super- epithelial cell polarity, disruption of the actin cytoskeleton and disasnatant plus LDH in the supernatant of the lysate) and calculated sembly of junctional complexes. Detachment of both viable and
using the formula:
non viable cells from the lumen causes renal tubular obstruction
thus exacerbating ischemic injury.5 The assembly and maintenance
% LDH Release = Spontaneous LDH Release/Maximum LDH of both tight junctions and adherens junctions is controlled by
Release (Supernatants + Lysate Supernatants) x 100.
Rho-GTPase proteins.7 Ischemic injury resulting in ATP depletion
has been shown to inhibit Rho-GTPase signaling while activation
Statistical analysis. All values are expressed as means ± SEM. of Rho protects tight junctions.8 Rho-GTPases are members of the
The mean LDH release produced by each concentration of injury Ras family of p21 G proteins and act as molecular switches for a
agents at each time point was analyzed by ANOVA and the variety of downstream biological processes by cycling between an
unpaired Student’s T test for continuous data. Significance was
determined by comparing LDH released from RTEC due to injury
Table 1 Summary of injury conditions		
to the LDH released due to vehicle media at each time point tested.
A p value of <0.05 was considered significant.
Injury Agent
Time
N
Mean LDH Release
SEM

Discussion

2 mM Antimycin A

In order to study mechanisms of injury and repair during ischemic injury in the kidney we have utilized a simple method for the
culture of mouse primary renal tubular epithelial cells (RTEC) and
for induction of injury that results in necrosis of RTEC.
The renal tubular epithelial cell population, although heterogeneous, was identified as primarily of proximal tubule origin.
Proximal tubule epithelial cells are polarized in the basal-lateral
and apical surface membranes. Tight junctions consisting of
ZO-1, ZO-2, occludin and cingulin are crucial in maintaining
cell polarity.5 Adherens junctions, consisting predominantly of
36

Chamber Hypoxia
2-Deoxy-D-Glucose

12 hr

7

10%

4.72

18 hr

7

24%

3.25

24 hr

7

45%

3.40

48 hr

7

61%

2.51

24 hr

4

21%

2.53

48 hr

4

50%

3.01

48 hr

5

19%

2.55

2 mM Antimycin A produced a time dependent increase in the LDH release, inducing injury which ranged
from 22% to 61%. Using media without dextrose, the LDH release in cells subjected to chamber hypoxia
was 21% at 24 hr and 50% at 48hr. 4 mM 2-Deoxy-D-Glucose produced a 19% LDH release at 48 hr.
N# = # of experiments = # of mice.
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active state bound to GTP and an inactive state bound to GDP.9
Tubular epithelial cells die by apoptosis or necrosis depending on
the severity and duration of ischemic injury.10 While ischemia causes
depletion of both ATP and GTP, GTP depletion has been shown to
result in apoptosis whereas ATP depletion results in necrosis.11 The
mechanism responsible for this difference has not been determined.
Apoptosis was not assessed in this study, however, it could be theorized that, based on the long exposure necessary (48 hr) for induction
of mild injury (19% LDH release) by 2-Deoxy-D-Glucose, apoptosis
(GTP depletion) rather necrosis (ATP depletion) accounted for the
majority of injury incurred. Further studies measuring cellular GTP
and ATP following injury induction by each agent would be needed
to clarify this theory. Antimycin A has been previously shown to
markedly decrease ATP stores.12
In vivo, the proximal tubules, and in particular the S3 segment, are
the most susceptible to ischemic injury as they are highly metabolic
but have a low glycolytic capacity due to a low activity of glycolytic
enzymes.13 In freshly isolated proximal tubules, this is evident by the
rapid decline in ATP concentrations in spite of glucose availability
and by the lack of lactate production either in the presence or absence
of inhibitors of mitochondrial respiration.14 Proliferating cultures of
proximal tubules have been shown to revert from gluconeogenic to
glycolytic metabolism.15 The underlying mechanisms responsible
for this phenomenon have not been determined but appear to be
unrelated to cellular hypoxia, a decrease in ATP, or a high glucose
environment.16 Glycolytic activity may explain why, in spite of
the absence of glucose in vehicle control media, the baseline LDH
release was low (<20%) and not significantly increased over time. In
this study, a high concentration of glucose (10 mM) protected cells
from hypoxia-induced cell death while lower concentrations (0.5
mM and 1.0 mM) did not. Removal of dextrose from the culture
media resulted in 21% LDH release from cells exposed to hypoxic
air conditions for 24 hours. Moderate-severe necrotic injury (>50%
LDH release) was only achieved by a 48 hr exposure to hypoxia.
Glycolysis has been shown to be upregulated in rabbit proximal
tubules by minimal glucose in culture media (0.5 mM or 5.0 mM)
and decreased by high concentrations (25 mM).16 Hydrocortisone
and insulin have also been shown to increase glycolytic activity.17,18
Both of these hormones were absent from the vehicle media used for
injury induction and therefore not considered as factors for increases
in glycolytic activity.
2-Deoxy-D-Glucose is a glucose analog in which the 2-hydroxyl
group is replaced by hydrogen. 2-Deoxy-D-Glucose reduces ATP
by acting as a competitive inhibitor of glycolysis and by undergoing
extensive phosphorylation thereby reducing ATP stores. ATP is
expended in the metabolism of 2-Deoxy-D-Glucose but, in contrast
to glucose metabolism, is not replenished.19 A 48 hr exposure to
2-Deoxy-D-Glucose was needed in order to induce LDH release of
19% above baseline. Proximal tubules possess the enzymes necessary
for gluconeogenesis and it is therefore likely that amino acids present
in the culture media were used to make glucose for ATP production.
The small amino acid glycine, a component of the culture media
used for injury induction, has been shown to significantly protect
against injury to cells in vitro. In isolated rat and rabbit proximal
tubules, glycine reduced injury induced by hypoxia, metabolic
inhibitors, ouabain, ionomycin and phosphate depletion.20-24 The
www.landesbioscience.com

mechanism by which glycine protects cells against ischemic injury
is not known but is not related to glycine metabolism, maintenance
of cellular ATP, potassium or calcium levels, alterations in intracellular pH, inhibition of phospholipases or removal of free fatty
acids.23,25-27 Glycine is a required component of tissue culture media
as cells cannot be sustained without it.
The mitochondrial permeability transition (MPT), a porous
defect of the inner mitochondrial membrane, as well as cytochrome
c release have been identified as potential mechanisms for mitochondrial damage and cell death.28 Neither of these has been identified
in the proximal tubule, however, and although the mitochondrial
lesion can be lethal, cell death is predominantly by the glycine sensitive plasma membrane lesion that causes necrosis and rapid LDH
release.13 Reoxygenated tubules demonstrate defects in complex I
of the mitochondrial respiratory chain while retaining function of
complexes II, III and IV. Complex I defects may result in the formation of a precursor lesion that eventually leads to MPT. Complex
I defects can be bypassed by metabolism of succinate for electron
transport to complex III via complex II (succinate dehydrogenase)
provided oxygen is available as the final electron acceptor. Providing
substrates such as α-ketoglutarate under aerobic conditions improve
mitochondrial function by resumption of oxidative phosphorylation
which generates ATP to prevent plasma membrane damage and
LDH release.28 Antimycin A, produced by streptomyces bacteria
and used commercially as an antibiotic, prevents ATP production by
binding to the cytochrome bc1 complex (Complex III) of the electron transport chain thus interfering with the oxidation of Coenzyme
Q and causing irreversible defects in aerobic respiration in the mitochondria.12 In addition to depleting ATP, inhibition of oxidative
phosphorylation by Antimycin A has been shown in vivo to produce
large quantities of superoxide, a toxic free radical implicated in
kidney injury.29 Unlike complex I defects, the defects in complex III
cause irreversible and severe necrotic injury. This was demonstrated
in this study as exposure to Antimycin A for 12 hr caused significant
necrotic injury (22% LDH release above baseline) which increased
gradually in a time dependent manner to 61% at 48 hr.
To summarize, Antimycin A with short exposure times produced
the most severe injury to renal tubular epithelial cells due to interference with complex III of the electron transport chain, an event that
is irreversible and for which there are no compensatory mechanisms.
Reduction of oxygen levels to 1% caused moderate-severe injury but
only with extended exposure times indicating basal levels of glycolysis
were sufficient to protect cells from necrotic injury. The mild injury
produced by 2-Deoxy-D-Glucose was most likely indicative of the
ability of RTEC to survive via gluconeogenesis.
This study assessed necrotic cell death. However it is likely that
apoptotic cell death occurred at time points where necrosis was not
yet evident. Apoptosis is an energy dependent process. Cells undergoing apoptosis are severely damaged, do not function properly, and
may eventually undergo necrotic cell death. The contribution of
cells initially undergoing apoptosis was not measured in this study
and the contribution of apoptotic mechanisms to necrotic cell death
as measured by LDH release is unknown. Cell death mechanisms
during ischemia are likely a function of time as shown by the results
of this study in which the amount of LDH release was determined
by the length of exposure to injury-inducing agents rather than the
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concentration of the agent. ATP depletion within a very narrow
range determines the mechanism by which cells die. Mouse proximal
tubule cells with ATP levels <15% of control die uniformly by
necrosis whereas those with ATP levels >25% of control die of apoptosis.11
The methods described in this study provide several advantages.
The use of serum-free culture media eliminates cytokines, chemokines and growth factors from the culture media which would be
especially advantageous when assessing the efficacy of potential
treatment therapies for acute kidney injury, many of which are
growth hormones such as epidermal growth factor (EGF), insulinlike growth factor I (IGF-1), hepatocyte growth factor (HGF) and
erythropoietin (EPO). The ability to grow renal tubular epithelial
cells directly on tissue culture plates without matrix support such as
collagen or fibronectin is advantageous as cells can be removed with
minimal manipulation, an important consideration if evaluating
necrosis or apoptosis by methods such as flow cytometry in which
minimizing background cell death is necessary for valid interpretation of results.
Immortalized cell lines such as Madin-Darby canine kidney
(MDCK), opossum kidney, porcine cortico-tubular epithelial kidney
cells (LLCPK-1) and the human proximal tubule cell line, human
kidney 2 (HK-2) have been shown to be more resistant to injury
than primary cells. For example, induction of injury using a combination of Antimycin A and 2-Deoxy-D-Glucose produces a 90%
ATP depletion but fails to rapidly kill HK-2 cells. Primary cells may
therefore be more representative of in vivo kidney injury.4 In this
study, the C57Bl6 strain was used for the culture of RTEC; however
the culture method can be applied to genetically manipulated mice
and so offers another advantage over the use of cell lines.
The LDH release assay for assessment of necrotic ischemic injury
is reproducible, simple to perform and cost effective in terms of
equipment and lab disposables. The reaction is carried out in the
culture wells and therefore cells do not have to be removed from the
plate thus minimizing background cell death. The amount of LDH
released into culture supernatants is compared to the total LDH
release per test and therefore inter-well variation in cell number
is accounted for and results from individual wells may be directly
compared. This makes the interpretation of results objective and
easily quantifiable unlike many histologic based methods.
In summary, ischemic injury ranging from mild to moderate to
severe was induced in RTEC in vitro by depletion of ATP using
Antimycin A and 2-Deoxy-D-Glucose and by reducing the atmospheric oxygen content to 1% using the hypoxia chamber. Baseline
LDH release was consistently low (<20%) when cells were cultured
in vehicle media and there was no significant difference in baseline
LDH release over time (12–48 hr). The ability of all three inducing
agents to produce moderate injury indicates the injury was not
specific to the metabolic inhibitor used. A simple, reproducible
method for induction and assessment of necrotic ischemic injury has
therefore been established in which to better understand underlying
mechanisms of acute kidney injury and in which to test potential
treatment therapies.
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