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Intracellular targets in heme protein-induced renal injury
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Intracellular targets in heme protein-induced renal injury. We exam-
ined two potential intracellular targets in the glycerol model of acute renal
failure, namely, the mitochondrion and the nucleus. Within three hours,
alterations in mitochondrial function are already apparent. With either
glutamate/malate or succinate/rotenone, state 3 and uncoupled respira-
tions were decreased at three hours, and at 24 hours, such decrements
were quite pronounced; in the presence of glutamate/malate, state 2
respiration was also depressed at 24 hours, while with succinate/rotenone
state 2 was increased. Marked ultrastructural changes were observed in
mitochondria studied at three hours, including the novel finding of
degenerate mitochondria in autophagic vacuoles. Since the heme content
in mitochondria was increased some tenfold within three hours, mitochon-
drial function was studied after exposure to concentrations of heme that
reproduced such contents of heme: mitochondria initially displayed in-
creased respiration, and subsequently, a persistent decline in oxygen
consumption until oxygen consumption was virtually undetectable. With
higher concentrations of heme, the early increase in oxygen consumption
was blunted and the progressive decline in oxygen consumption was
hastened. The antioxidant iron chelator, deferoxamine, prevented the
early rise in oxygen consumption but did not prevent or delay the
subsequent decline. We also assessed nuclear damage as a potential lesion
in the glycerol model. DNA laddering was not observed at any time point.
At 3 and 24 hours there was DNA injury by the TUNEL technique in the
distal nephron but not in the proximal nephron. The 8-hydroxydeox-
yguanosine/deoxyguanosine content was increased in the glycerol kidneys
at 24 hours but not at three hours. At neither time point was evidence of
apoptosis observed by light or electron microscopy. In studies undertaken
in cell culture models, heme, at concentrations of 10 mM, failed to evince
any such changes in LLC-PK1 cells, a cell line from the proximal tubule,
or in MDCK cells, a cell line derived from the distal tubule. At
concentrations of 50 mM, heme induced approximately 20% positivity in
MDCK cells but none in LLC-PK1 cells by the TUNEL technique. We
conclude that mitochondria and nuclei are prominent targets for injury in
the glycerol model of acute renal failure. The presence of TUNEL-
positive cells in the distal nephron but not at proximal sites in vivo
underscores the increasing appreciation of the distinct responses of these
nephron sites to nephrotoxic insults.

The intramuscular administration of hypertonic glycerol in-
duces myolysis and hemolysis and affords a faithful, widely
utilized model of heme protein-induced renal injury [1, 2]. Studies
using this model have contributed substantially to the recognition

that heme protein-induced renal injury represents the integrated
effects of three major pathophysiologic mechanisms: renal vaso-
constriction, direct cytotoxicity, and cast formation [1, 2]. The
biochemical underpinnings of renal injury so induced have also
received much attention, and in this regard, there is persuasive
evidence incriminating oxidative stress and the catalytic effect of
redox-active iron as important mechanisms for such injury [1,
3–5].

In contrast to such delineation of the pathophysiologic and
biochemical pathways involved in this form of acute renal injury,
there is a paucity of information on the cell biology of renal
tubular epithelial cell injury in this model: namely, the specific
intracellular targets critically damaged in the evolution of cell
injury in this setting are largely unidentified, as is the contribution
of such organelle dysfunction to the loss of cellular vitality. The
present study examines intracellular targets that may be injured in
this model, focusing on two such targets, the mitochondrion and
the nucleus. The rationale for examining the mitochondrion stems
from the recognition of the importance of injury to this organelle,
in general, as a contributor to cell injury in other forms of toxic
injury [6, 7], while recent studies of myohemoglobinuria, in
particular, have demonstrated free radical production by mito-
chondria as an initiator of lipid peroxidation [8]; together, these
studies raise the possibility that this organelle may represent a
contributor as well as a target of injury in this disease model.
Moreover, interest in the mitochondrion has noticeably resur-
faced [9] as it is currently and increasingly appreciated that
mitochondrial dysfunction, and in particular, the appearance of
the mitochondrial permeability transition [9], is present in diverse
states that induce or are attended by programmed cell death. Such
mitochondrial dysfunction may represent a key step in the cascade
of cellular events leading to programmed cell death. Mitochon-
drial injury is thus relevant to apoptotic as well as necrotic death.

Nuclear events and changes in the course of cellular demise are
also the focus of much attention. Endonuclease activation is
commonly observed in a number of models of cell death, and in
certain instances, even in the absence of classic morphologic
changes of apoptosis [10–12]. In view of the importance of
oxidative stress in this model [1, 3–5], and the vulnerability of the
nucleus to oxidative stress [10], we posited that this cellular site
may also be the target of injury. Employing multiple indices—
electrophoretic analysis of DNA, fragmentation of DNA using the
terminal deoxynucleotidyl transferase (TUNEL) assay, the 8-
hydroxdeoxyguanosine assay and electron microscopic analy-
sis—we assessed DNA injury in conjunction with studies of
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mitochondrial function. We observed marked mitochondrial dys-
function within hours of inducing the glycerol model. DNA injury,
detectable principally by the deoxynucleotidyl transferase assay,
was observed in the distal nephron. Some of the observed changes
are inducible by heme, thus raising the possibility that this
component of heme proteins may be a contributor to organellar
injury that evolves in this disease state.

METHODS

Oxygen consumption by mitochondria

The glycerol model was induced by the injection of a 50%
solution of glycerol (10 ml/kg body wt, half the dose into each
thigh muscle) into rats that were deprived of water overnight, but
allowed to feed ad libitum [13]. Mitochondria were extracted and
oxygen consumption was determined using a Clark electrode as
described by Lemmi et al [14], and as employed previously in
studies from our laboratory [15]. Malate (10 mM)/glutamate (10
mM) or succinate (10 mM)/rotenone (5 mM) were used as sub-
strates. State 2 mitochondrial respiration was determined in the
basal state following the injection of the mitochondria into the
chamber; State 3 respiration was determined as ADP (200 mM)-
stimulated respiration, and State 4 respiration was determined
after the utilization of ADP. Uncoupling was induced by dinitro-
phenol, 100 mM. The respiratory control ratio (RCR) was calcu-
lated as State 3/State 4, the acceptor control ratio (ACR) as State
3/State 2 and the P/O ratio represented ADP utilized/oxygen
consumed. Figure 1 shows a simplified schema for the mitochon-
drial electron transport chain.

In studies involving heme, a stock solution of hemin (iron
protoporphyrin IX) chloride dissolved in 0.1 N potassium hydrox-
ide was freshly prepared with each experiment and diluted to the
stated concentration. For example, in studies of oxygen consump-
tion, the diluent used was the oxygen consumption buffer, while in
studies of cytotoxicity the diluent was Hank’s balanced salt
solution.

Measurement of 8-hydroxydeoxyguanosine

The formation of 8-hydroxydeoxyguanosine (8OHdG) in DNA,
a marker of DNA oxidative injury, was measured as described by
Floyd et al [16], and as previously performed by our laboratory
[17, 18], in DNA isolated from kidneys of rats subjected to
hypertonic glycerol and from the kidneys of control rats. DNA was

extracted using phenol and chloroform, ethanol-precipitated,
resuspended in 10 mM Tris/1 mM EDTA, pH 7.4 and extensively
digested with the following enzymes: DNAse 1 (bovine pancreas;
Calbiochem), endonuclease Neurospora crassa (Boehringer
Mannheim), phosphodiesterase snake venom Crotalus duriss
(Boehringer Mannheim) and alkaline phosphatase (calf intestine;
Calbiochem). The amounts of deoxyguanosine (dG) and of
8OHdG in the resulting deoxynucleoside mixture were detected
using a high-performance liquid chromatograph (Hewlett Packard
1090LC) with in-line ultraviolet and electrochemical (Hewlett
Packard EC 1049A) detectors, respectively. The analytical column
used was a C18 5 mm ODS Hypersil 2.1 3 100 mm column
(Hewlett-Packard #799160D-522 EA). The mobile phase was
2.8% methanol containing 4 mM citric acid, 8 mM sodium acetate
(anhydrous), 10 mM sodium hydroxide, 0.067% glacial acetic acid,
flow rate 0.3 ml/min. Results are expressed as 8OHdG/105dG.
Deoxyguanosine was measured in pmolar quantities. The 8OHdG
standard was a kind gift from Dr. Robert Floyd and the dG
standard was purchased from Sigma Chemical Company.

We studied this index in the kidney at three hours and 24 hours
after the administration of hypertonic glycerol (10 ml/kg body wt).
Since we hypothesized that this index is increased in the glycerol
kidney, the protocol at three hours included an antioxidant
manipulation, namely, sodium pyruvate, which we have shown
previously decreases this index of DNA oxidative injury [18]. We
thus studied the effect of sodium pyruvate or sodium chloride in
rats subjected to glycerol or control animals. Rats were anesthe-
tized with Inactin and a tracheal catheter and jugular venous
catheter placed. A bolus of 8% sodium pyruvate or equimolar
sodium chloride (0.5% body wt over 15 min) was infused over 15
minutes followed by 1 ml/hr sustaining infusions for three hours.
At the time of initiating these infusions, 50% glycerol was
injected, and three hours thereafter the kidneys were harvested.
In a separate study rats were injected with 50% glycerol (10
ml/kg/body wt) and 24 hours thereafter kidneys were harvested
from these and control rats.

Electrophoresis of DNA

DNA extraction and electrophoresis were carried as previously
described in detail in prior publications from our laboratory
[17–19]. In brief, Sprague-Dawley rats were anesthetized with
ether, and bilateral nephrectomies were performed. Kidneys were
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Fig. 1. Scheme showing electron transport chain in the mitochondrion.
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immediately placed in liquid nitrogen and processed for DNA
extraction as follows: tissue was macerated immediately, sus-
pended in digestion buffer consisting of 25 mmol/liter EDTA, pH
7.9, 10 mmol/liter Tris, 100 mmol/liter NaCl, and gently homog-
enized twice (Dounce homogenizer; Fisher Scientific, Pittsburgh,
PA, USA). Proteinase K (final concentration 100 mg/ml) and
sodium dodecyl sulfate (0.5%) were added, followed by 50 ml/ml
of 2-mercaptoethanol. The samples were tightly sealed and incu-
bated at 50°C for three hours. DNA was then extracted by
conventional methods by using phenol (freshly-buffered) and
chloroform. After ethanol precipitation of DNA, samples were
resuspended in Tris-EDTA buffer, treated with ribonuclease, and
re-extracted. DNA (10 mg) from each sample was electrophoresed
on a 1.5% Nusieve, 0.5% Seakem agarose gel (FMC Bioproducts,
Rockford, MD, USA) and visualized under ultraviolet light after
ethidium bromide staining.

Detection of DNA fragmentation using the terminal
deoxynucleotidyl transferase technique (TUNEL)

Kidneys from rats with glycerol-induced renal failure and
control animals were embedded and frozen in O.C.T. freezing
medium, and five micron cryosections were cut and mounted on
glass slides. These sections were first fixed in 10% neutral buffered
formalin for 10 minutes at room temperature then post-fixed in a
2:1 solution of ethanol and glacial acetic acid at 220°C for five
minutes. Detection of DNA fragmentation was performed using
the Apotag Plus in situ Apoptosis Detection Kit (Oncor, Gaith-
ersburg, MD, USA) [20–22]. This kit employs 39-OH end-exten-
sion of fragmented DNA using terminal deoxynucleotidyl trans-
ferase (TdT) and a detection system based on an anti-digoxigenin
antibody conjugated with peroxidase. The manufacturer’s proce-
dure and recommendations were followed with a sham incubation
(without TdT) performed for every tissue specimen tested. Addi-
tionally, a positive control consisting of a section of normal kidney
incubated with 80 U/ml of DNAseI (BMB, Indianapolis, IN,
USA) for 10 minutes at room temperature was also performed in
all studies. The sections were counterstained using methyl green.

In a similar fashion, DNA fragmentation was assessed in
LLC-PK1 and MDCK cells exposed to heme. Cells were seeded
into Lab-Tek Permonox slide chambers (NUNC, Naperville, IL,
USA) and grown to near (90%) confluency. After washing the
monolayers twice with HBSS, the cells were exposed for three
hours to HBSS alone (control) or HBSS containing 10 mM or 50
mM heme. After this exposure the cells were again washed twice
with HBSS, fixed with 4% neutral buffered formalin at room
temperature, and post-fixed with a 2:1 solution of ethanol and
acetic acid at 220°C. After a 10 minutes incubation with protein-
ase K (20 mg/ml, Gibco/BRL) at room temperature, detection of
DNA fragmentation was carried out as described above.

Determination of malondialdehyde in kidney mitochondria

We measured malondialdehyde content in kidney mitochondria
by determining the content of thiobarbituric acid reactive sub-
stances (TBARS) as previously described from our laboratory
[23].

Determination of heme content

We measured heme content in mitochondria by the pyridine-
chromogen method as previously described for our laboratory
[24].

Structural studies by electron microscopy

Renal tissue was cut into 1 mm cubes, fixed for 24 hours in
Trump’s fixative (1% glutaraldehyde and 4% formaldehyde in 0.1
M phosphate buffer, pH 7.2) [25] and rinsed for 30 minutes in
three changes of 0.1 M phosphate buffer, pH 7.2. Survey sections
were cut at 1 mm and stained with toluidine blue. The tissue was
post-fixed for one hour in 1% OsO4 and stained with 2% uranyl
acetate for 30 minutes at 60°C. The tissue was dehydrated in
progressive concentrations of ethanol and propylene oxide and
embedded in Spurr’s resin [26]. Thin (90 nm) sections were cut on
a Reichert Ultracut E microtome, placed on 200 mesh copper
grids, and stained with lead citrate. Micrographs were taken on a
JEOL 1200 EXII operating at 60 KV.

Statistical analysis

Data are presented as means 6 SEM. For comparisons of two
groups involving unpaired data, the unpaired Student’s t-test was
employed. One-way ANOVA was employed for comparisons
involving more than two groups and the Student-Newman-Keuls
test then applied. Results are considered significant for P , 0.05.

RESULTS

Studies of mitochondrial function

Respiration was impaired in mitochondria harvested from the
kidney three hours after the administration of glycerol. As shown
in Figure 2 at this relatively early time point, mitochondrial
respiration, sustained by glutamate and malate, exhibited signifi-
cant reductions in state 3 respiration and uncoupled respiration
without changes in state 2 or state 4 respiration; the RCR, ACR
and P/O ratios were all significantly reduced. By 24 hours after the
administration of glycerol (Fig. 3, mitochondrial respiration, again
sustained by glutamate and malate, was more severely depressed:
state 2 respiration was markedly suppressed, and mitochondria
failed to respond to ADP or the uncoupling agent, DNP; the ACR
was essentially unity. Because no change in oxygen consumption
was observed after the addition of ADP, the cessation of state 3
and the commencement of state 4 could not be determined; the
determination of state 4 and the calculation of RCR and the P/O
ratios were thus not possible. Thus, marked impairment of
mitochondrial function, as measured by basal, ADP-driven and
uncoupled respiratory rates, was apparent at a time point at which
renal failure is established, that is, 24 hours after the administra-
tion of glycerol. Impairment in state 3 and uncoupled respiration
was discernible even at three hours after the administration of
glycerol.

Abnormalities in respiration using succinate and rotenone were
also discernible at these two time points. Similar to glutamate and
malate, state 3 respiration and uncoupled respiration were dimin-
ished, while states 2 and 4 were unchanged in studies undertaken
three hours after the administration of glycerol (Fig. 4). However,
by 24 hours, basal rates of respiration (state 2) driven by succinate
had risen while state 3 and uncoupled respiration were signifi-
cantly diminished; mitochondrial response to ADP or DNP was
again profoundly blunted (Fig. 5). Thus, 24 hours after the
administration of glycerol, respiration was significantly increased
in the basal state but was largely unresponsive to ADP or to
uncoupling agents. That basal mitochondrial respiration in the
presence of succinate and rotenone was not impaired, whereas
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severe reduction in basal mitochondrial respiration in the pres-
ence of glutamate and malate was manifest 24 hours after the
administration of glycerol, suggests that mitochondrial respiration
is impaired, at least in part, at sites at or between the entry of
glutamate and malate and Complex 1 (Fig. 1).

To determine if such alterations in mitochondrial function may
be due to heme proteins, we exposed mitochondria harvested
from normal rats to hemoglobin at different concentrations, 10
and 50 mM. As shown in Table 1, hemoglobin exerted no effect on
any of the determined indices of mitochondrial respiration.

Since the endocytotic uptake of hemoglobin in the kidney is
followed by the separation of the heme and globin moieties, we
considered whether heme would influence mitochondrial func-
tion. We measured heme content in mitochondria in the glycerol

model at three hours and 24 hours after the administration of
glycerol. As shown in Figure 6, heme content was markedly
increased at three hours, and remained elevated, although to a
lesser degree, at 24 hours after the administration of glycerol.
Accompanying this increase in heme were increased amounts of
TBARS, the latter representing a marker of oxidative stress (Fig.
7).

We proceeded to study the effects of heme on mitochondrial
function in mitochondria harvested from kidneys from normal
rats. We employed glutamate and malate as fuel sources since it
was with these substrates that the impairment in oxygen consump-
tion was more pronounced in mitochondria studied 24 hours after
glycerol-induced renal injury. We exposed mitochondria from
intact kidneys to concentrations of heme ranging from 10 to 75
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mM. This range of concentrations was used since exposure of intact
mitochondria to a heme concentration of 10 mM reproduced the
heme content (6.0 nmol/mg protein) measured in mitochondria
harvested from the kidney three hours after the administration of
glycerol. As shown in Figure 8, there were dose and time
dependent effects of heme on mitochondrial function. Lower
doses of heme, such as 10 and 25 mM, initially stimulated
mitochondrial respiration. With increasing concentrations of
heme, a progressive decline in respiration occurred, and in the
case of the highest concentration tested, namely 75 mM, there was
a rapid loss of mitochondrial respiration (Fig. 8A). As shown in
Figure 8B, at a specific time point, that is, five minutes after
exposure to heme, heme at concentrations of 10 mM and 25 mM

stimulated mitochondrial respiration whereas 50 mM suppressed
mitochondrial respiration. With time, all concentrations of heme
employed in the concentration range 10 to 75 mM ultimately

impaired mitochondrial respiration, and the lower the dose, the
longer the time taken to impair mitochondrial respiration. For
example, in the presence of 10 mM heme mitochondrial oxygen
consumption was negligible after 40 minutes (vide infra), whereas
such impairment was observed within 10 minutes with concentra-
tions of 75 mM.

Since heme at a concentration of 10 mM achieves a mitochon-
drial heme content that mirrors that observed in mitochondria
harvested from the glycerol-treated animal, we employed this
concentration in further studies of heme-induced alterations of
mitochondrial function. We considered the possibility that oxida-
tive stress may contribute to such changes since increased mito-
chondrial content of TBARS was observed in mitochondria
harvested from the glycerol treated animal. To determine the role
of oxidative stress in inducing such alterations, we studied the
effects of the iron-chelating anti-oxidant, deferoxamine (DFO, 50
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Table 1. Effect of hemoglobin at concentrations of 10 and 50 mM on mitochondrial respiration as determined by respiratory rates (nmol/min/mg
prot) for state 2 (St 2), state 3 (St 3), state 4 (St 4) and by the RCR and P/O ratios in the presence of glutamate (10 mM) and malate (10 mM)

St2 St3 St4 RCR P/O

Control (N 5 4) 30.8 6 0.9 115.2 6 9.5 29.8 6 1.6 3.9 6 0.4 2.6 6 0.1
Hemoglobin, 10 mM (N 5 3) 35.3 6 0.2 107.8 6 7.6 29.6 6 1.9 3.6 6 0.1 2.6 6 0.1
Hemoglobin, 50 mM (N 5 3) 34.9 6 0.5 117.6 6 8.7 29.0 6 1.7 4.1 6 0.2 2.6 6 0.1
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mM). As shown in Figure 9, DFO prevented the early increase in
oxygen consumption induced by heme. However, DFO failed to
inhibit the ultimate decline in mitochondrial respiration induced
by heme (Fig. 9). We also studied the effect of the antioxidant,
butylated hydroxytoluene (BHT; 30 mM). Absolute mitochondrial
respiration rates were numerically but not statistically lower in the
presence of BHT (Fig. 10). The maximum increment in oxygen
consumption induced by heme, 10 mM, however, was significantly
less in the presence of BHT, whether expressed as the absolute
increment (6.00 6 0.99 vs. 3.30 6 0.10 nmol/min/mg protein, P ,
0.05) or the % increment over basal values (36.4 6 5.9 vs. 20.1 6
0.5%, P , 0.05). Butylated hydroxytoluene, like DFO, did not
inhibit the ultimate decline in mitochondrial respiration induced
by heme (data not shown).

Studies of DNA injury

We employed four indices by which to assess DNA damage in
the glycerol model. Gel electrophoresis failed to reveal evidence
of endonucleosomal cleavage by the laddering pattern at any time
point. Measurements of 8OHdG/105dG in the glycerol model
demonstrated that there were no significant differences in this
index in the kidney among the four groups studied three hours
after the injection of hypertonic glycerol. The sodium chloride-
glycerol treated group was not significantly different from the
sodium chloride-treated control nor was the pyruvate-treated
glycerol group different from the pyruvate-treated control or the
sodium chloride-glycerol treated group (Table 2). Thus, at an
early time point at which mitochondrial dysfunction was already
apparent, no change in this marker of DNA oxidative injury was
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observed. However, 24 hours after the administration of glycerol,
there was a significant increase in this marker of oxidative stress in
the glycerol treated group (45.5 6 5.6 vs. 61.9 6 4.1, P 5 0.05).

Using the TUNEL assay we observed DNA injury in kidneys
three hours after the administration of hypertonic glycerol. These
findings are shown in Figure 11. In untreated control rats (N 5 3)
there were rare, single cells in the kidney that stained positively
(Fig. 11A, control, lower power; Fig. 11C, control, higher power).
In contrast, in all rats studied three hours after the injection of
hypertonic glycerol (N 5 3), there was a significant number of
distal tubules that stained positively (Fig. 11B, glycerol-treated
kidney, lower power; Fig. 11D, glycerol-treated kidney, higher
power). Such staining was observed in distal tubular epithelial
cells and not in proximal tubules; once one cell in that profile
stained positively, nearly all other cells in that profile were

positive. Virtually identical findings were observed in all rats
studied with glycerol-induced acute renal failure at six hours (N 5
3 in each group). Similarly, clusters of TUNEL-positive tubules,
again distal tubules, were also observed at 24 hours (N 5 3 in each
group).

We also sought to induce DNA injury by exposure of renal
epithelial cells to heme at 10 and 50 mM. Since our in vivo studies
demonstrated that the assay for DNA injury that was consistently
positive at all time points was the TUNEL assay, we employed this
assay in studies of DNA injury in cell lines that are proximally-
derived (LLC-PK1) and those that are distally-derived (MDCK).
In control cells treated with buffer only, and in cells exposed to
heme (10 mM) for three hours of exposure, no evidence of DNA
injury by the TUNEL assay was observed either in LLC-PK1 cells
or MDCK cells. After exposure to heme (50 mM), some 20% of
MDCK cells stained positively; such positivity was not observed in
LLC-PK1 cells.

Ultrastructural studies in the glycerol model

In light of findings observed in the TUNEL assay, we per-
formed transmission electron microscopy on renal cortex and
medulla isolated from glycerol-treated and control rats so as to
define the morphologic mechanism of cell loss that occurs in this
model. Additionally, such ultrastructural studies were needed to
evaluate if structural derangements in mitochondria accompanied

Fig. 11. Kidney sections studied by TUNEL assay. (A) Kidney sections from control rats examined at low power (3100) showing a lack of staining. (B)
Kidney sections from rats with glycerol-induced acute renal failure studied three hours after glycerol at low power (3100) showing distal tubular profiles
staining positively. (C) Kidney sections from control rats examined at high power (3200) again showing a lack of positivity. (D) Kidney sections from
rats with glycerol-induced acute renal failure studied at three hours after glycerol at high power (3200) showing distal tubular profiles staining positively.

Table 2. Content of 8OHdG/105dG in the kidney in rats treated with
sodium pyruvate or sodium chloride 3 hours after the

administration of glycerol

8OHdG/105dG

Sodium pyruvate, control (N 5 4) 30 6 7
Sodium pyruvate, glycerol (N 5 4) 25 6 2
Sodium chloride, control (N 5 4) 22 6 5
Sodium chloride, glycerol (N 5 4) 39 6 12
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the functional impairment we observed. Importantly, extensive
evaluation of toluidine blue-stained survey sections failed to
demonstrate morphologic evidence of apoptosis. Nuclear conden-
sation, coarse clumping of nuclear chromatin, and cell swelling,
which are features of necrosis rather than apoptosis, were ob-
served in kidneys studied three hours after the administration of
glycerol; these changes were more pronounced after 24 hours.
Both proximal and distal tubules showed evidence of injury.
Injured distal tubules were frequently associated with intratubular
casts.

Regarding the mitochondrial compartment, we observed pro-
nounced and progressive ultrastructural abnormalities in mito-
chondria, including swelling of the mitochondrial matrix and
accumulation of amorphous matrix densities, the latter represent-
ing a marker of irreversible cell injury (Fig. 12). Interestingly, at
three hours after the administration of glycerol, clusters of
degenerate mitochondria, clearly identified by their cristae, were
observed within membrane lined structures, findings that are
consistent with the presence of autophagic vacuoles (Fig. 12 A, B).
Breakdown and opacification of matrix structure were apparent
after 24 hours injury (Fig. 12C). Thus, mitochondrial injury is
quite prominent ultrastructurally as well as functionally in the
glycerol model.

DISCUSSION

Within three hours of the induction of the glycerol model, we
observed alterations in mitochondrial function as reflected by
decrements in state 3 and uncoupled respiration. With glutamate
and malate these changes were progressive such that at 24 hours
there were marked decrements in states 2 and 3 respiration and
uncoupled respiration. In the case of succinate/rotenone, state 3
and uncoupled respirations continued to decline at 24 hours
whereas state 2 respiration was increased at 24 hours. We suggest
that impairment in the electron chain between the entry of
glutamate/malate and complex 1, at least in part, contributes to
these effects.

These functional changes in mitochondria were accompanied
by pronounced ultrastructural ones. While structural mitochon-
drial injury is described in prior studies in the glycerol model [27],
certain arresting features we have observed, namely, autophagy of
injured mitochondria, have not been reported in the glycerol
model or, as far as we can glean from the literature, in other
models of acute renal injury. Autophagy refers to a process by
which cells first cordon off, and subsequently degrade, cytoplasmic
contents and organelles including mitochondria [28, 29]. This
process occurs in health and disease, in diverse tissues, and
facilitates the containment, and ultimately, the removal of old and
injured organelles [28, 29]. The finding of degenerate mitochon-
dria in autophagic vacuoles three hours after the administration of
glycerol underscores mitochondrial damage as a prominent fea-
ture in this form of acute renal injury.

To pursue the basis for mitochondrial dysfunction, we consid-
ered the involvement of intracellular heme which we reasoned
would be markedly increased in the kidney exposed to heme
proteins derived from muscle and erythrocytes. The premise that
heme is toxic to the kidney is substantiated by experimental
studies in vivo [30, 31] and by observations in patients [32]. In our
prior studies [13], we noted that as early as three hours after the
administration glycerol the heme-degrading enzyme, heme oxy-
genase, was induced, presumably reflecting increased intracellular

heme [13]. Since heme is particularly injurious in the presence of
hydrogen peroxide [33], we posited that mitochondria would be
especially prone to such injury since this organelle generates
hydrogen peroxide in the course of its normal metabolism [34].
Moreover, the lipid-enriched mitochondrial membranes would
ensure the facile incorporation of heme, a lipophilic molecule,
into mitochondria. We measured heme content in mitochondria
and found such content to be increased some tenfold within three
hours after the administration of glycerol. We then exposed intact
mitochondria to heme concentrations that would permit such
measurable levels of heme as those observed in the glycerol
kidney. Such exposure to heme significantly altered oxygen con-
sumption: mitochondria initially displayed increased respiration
which gave way to a persistent decline in oxygen consumption
until oxygen consumption was undetectable. Higher concentra-
tions of heme shifted the curve to the left such that the early
increase in oxygen consumption was blunted and the progressive
decline in oxygen consumption was hastened. To explore the basis
for these changes, we considered the possibility that oxidative
stress imposed by heme would contribute to the early rise, and
later decrement, in oxygen consumption. That oxidative stress was
present in mitochondria was indicated by increments in TBARS,
an index of malondialdehyde, which paralleled the increase in
heme content. The administration of the antioxidant iron chela-
tor, deferoxamine, prevented the early rise in oxygen consump-
tion, thereby suggesting that this early increase in oxygen con-
sumption was an oxidative, iron-dependent effect of heme.
However, deferoxamine did not delay or mitigate the subsequent
decline in oxygen consumption. This indicates that the subsequent
decline in oxygen consumption can be dissociated from the early
ion-dependent increase in mitochondrial respiration. We specu-
late that the early increase in oxygen consumption observed with
heme is due to the appearance of the mitochondrial permeability
transition [9]. This latter alteration is attended by increased
porosity of mitochondrial membranes, the loss of mitochondrial
transmembrane potential, uncoupling and increased respiration
[9]. Since oxidants are recognized as a cause of the mitochondrial
membrane transition [7, 15], we suggest that the early increase in
respiration induced by heme may represent such iron-dependent
oxidizing effects. We also suggest that the late decline in oxygen
consumption may not be critically dependent upon iron per se, and
may represent a direct toxic effect of the heme molecule itself
rather than from iron. It is also possible that the iron chelator may
not effectively chelate iron after heme has penetrated mitochon-
drial membranes.

We also assessed nuclear damage as a potential lesion in the
glycerol model. We employed several indices since these multiple
markers reflect distinct, yet complementary, aspects of DNA and
cell injury. We failed to observe at either time point evidence of
DNA laddering. At three hours we noted the appearance of
TUNEL-positive cells in the distal nephron but not in the
proximal nephron. At this time point we saw no structural
evidence of apoptosis, nor did we see evidence of oxidative injury
to DNA using the by 8-hydroxydeoxyguanosine index. At 24
hours, TUNEL-positive cells were still observed in abundance and
this was now accompanied by the presence of increased amounts
of 8-hydroxydeoxyguanosine, but not by structural evidence for
nuclear injury as observed in apoptotic cell death. These findings
underscore the nuanced manifestation of DNA injury in diseased
states [10, 12, 21, 35], and they support the occurrence of
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endonuclease activation without morphologic features of apopto-
sis [12]. The mechanisms underlying such endonuclease activation
in the distal nephron await further study since the capacity of
heme to evince such changes in distal nephron-derived cells,
MDCK cells, while present in the minority of these cells at a
higher dose of heme, clearly was not overwhelming, at least under
the conditions studied.

Our studies assessing DNA injury in vivo indicate that the
response of the distal nephron differs from the proximal nephron
in this pathologic state, and is germane to the growing apprecia-
tion of site-specific response to injury along the nephron. These
two parts of the nephron possess quite different metabolic
characteristics: for example, the metabolic cost of sodium trans-
port entails a higher rate of oxygen consumption in the distal
nephron, the intermediary metabolism differs at these two sites
while certain parts of the distal nephron are exposed to markedly
lower ambient partial pressure of oxygen [36]. The vulnerability to
oxidative stress as well as the antioxidant profile in these two
regions are different [37, 38]. As illustrative of such differential
behavior, it has been known for more than ten years that during
autolysis, the distal nephron demonstrates morphologic features

of apoptosis whereas the proximal nephron demonstrates features
of necrosis [39]. DNA fragmentation and apoptotic changes occur
in the thick ascending limb of rat kidneys in response to hypoxia,
but are not seen in the proximal tubule [22]. A similarly selective
effect is observed in contrast-induced acute renal injury [22]. Such
DNA injury following ischemic/hypoxic injury is similar to the
findings we observed in the glycerol model. In models of acute
renal injury such as ischemia, there is a characteristic proliferative
response that occurs in the proximal nephron following necrosis
[40, 41]. On the other hand, the cells of the distal nephron
demonstrate an immediate and prominent early gene response
characterized by the expression of c-fos, c-jun and EGF1, but such
cells do not progress through the cell cycle [40–43]. In cisplatin-
induced nephrotoxicity, tubular necrosis is localized to the outer
stripe of the outer medulla whereas the induction of clusterin, a
putatively protective response, is found primarily in the inner
stripe of the outer medulla [44]. Consistent with and germane to
this theme are our present observations that the glycerol model
exhibits a site-specific pattern of injury, namely, prominent endo-
nuclease-dependent DNA injury in the distal but not proximal
nephron.

C

Fig. 12. Continued.
Fig. 12. Electron microscopic studies in the glycerol model. (A) Mitochondria exhibiting stages of injury in kidneys harvested three hours after the
administration of glycerol. Several populations of mitochondria are present including those that are swollen (1), those that exhibit loss of cristae (2),
and those that are present in clusters within a membrane-lined vesicle representing an autophagic vacuole (3). (B) An autophagic vacuole containing
degenerate mitochondria (identified in part by presence of cristae) in kidneys harvested three hours after administration of glycerol. Swollen
mitochondria are present in surrounding regions. (C) Swollen mitochondria containing amorphous matrix densities, indicative of irreversible cell injury,
in tubular epithelium from rat kidneys, 24 hours following glycerol exposure.
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The increments in heme we observed in mitochondria likely
represent heme released from heme proteins that originate from
injured muscle and erythrocytes. Such heme proteins are taken up
and degraded by the lysosomal/endosomal system to release their
heme moiety, which is then conveyed to the various organelles via
the intracellular canulicular system [45, 46]. Additionally, intra-
cellular heme proteins are plentiful in numerous cellular or-
ganelles including the mitochondria. It is possible that intracellu-
lar heme proteins are destabilized during conditions of oxidative
stress, and as a consequence, release their heme moiety [24]. This
paradigm, wherein an intracellular heme protein undergoes oxi-
dative destabilization and releases its heme, is persuasively sup-
ported by studies in assorted forms of hemolysis [47, 48]. In such
circumstances of oxidative stress, hemoglobin, located in the
intracellular compartment in erythrocytes, is converted to methe-
moglobin and hemichromes, and ultimately provides free heme.
Heme, released from a heme protein innate to the erythrocyte, in
turn, attacks the cytoskeleton and lipid bilayer of erythrocytes–
cells that lack nuclei and mitochondria–eventually causing lysis
[47, 48]. Our studies, centered as they are on renal tubular
epithelial cells, cells in which nuclei are present and mitochondria
are abundant, uncover mitochondria and nuclei as potential
targets for such injury in nucleated cells.

We conclude by speculating that our findings may be relevant
not only to conditions of rhabdomyolysis and hemolysis but also to
other forms of acute toxic injury in which organellar heme content
is increased as occurs in cisplatin-induced nephropathy, and
presumably results from the destabilization of intracellular heme
proteins [24]. Our findings may also be relevant to hematuric
glomerulopathies: based on the recognized phagocytosis and
degradation of erythrocytes by renal tubules in hematuric condi-
tions [49], the suggestion was raised previously that an attendant
increase in cellular heme in such states may be toxic to tubules
[50]. Interestingly, recent studies have called attention to the
acute tubular damage in hematuric glomerulopathies that cannot
be ascribed to glomerular structural changes or tubular obstruc-
tion [51]. We speculate that such cellular injury reflects, in part,
heme-mediated organellar injury.
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