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Abstract
Suppression of the renin-angiotensin system has proven efficacy for mitigation and treatment of
radiation nephropathy, and it has been hypothesized that this efficacy is due to suppression of
radiation-induced chronic oxidative stress. It is known that radiation exposure leads to acute oxidative
stress, but direct evidence for radiation-induced chronic renal oxidative stress is sparse. We looked
for evidence of oxidative stress after total-body irradiation in a rat model, focusing on the period
before there is physiologically significant renal damage. No statistically significant increase in
urinary 8-isoprostane (a marker of lipid peroxidation) or carbonylated proteins (a marker of protein
oxidation) was found over the first 42 days after irradiation, while a small but statistically significant
increase in urinary 8-hydroxydeoxy-guanosine (a marker of DNA oxidation) was detected at 35-55
days. When we examined renal tissue from these animals, we found no significant increase in either
DNA or protein oxidation products over the first 89 days after irradiation. Using five different
standard methods for detecting oxidative stress in vivo, we found no definitive evidence for radiation-
induced renal chronic oxidative stress. If chronic oxidative stress is part of the pathogenesis of
radiation nephropathy, it does not leave widespread or easily detectable evidence behind.

INTRODUCTION
Suppression of the renin-angiotensin system (RAS) with angiotensin converting enzyme
(ACE) inhibitors or angiotensin II (AII) receptor blockers has proven efficacy for both
mitigation (1-4) and treatment (5,6) of radiation nephropathy. Robbins and colleagues (7,8)
have hypothesized that this efficacy is due to suppression of radiation-induced chronic
oxidative stress, in that AII causes production of reactive oxygen species (ROS) through
activation of NADPH oxidase. If this hypothesis is correct, then antioxidants should also be
effective for mitigation and treatment of radiation nephropathy. To efficiently test antioxidant
therapies against radiation nephropathy, it is essential to know when the oxidative stress occurs
and to monitor the efficacy of the proposed therapies for reducing or eliminating this oxidative
stress. Therefore, we need an assay (preferably minimally invasive) for radiation-induced
chronic renal oxidative stress.
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It is well known that irradiation of biological material leads to the production of ROS, and
there is some evidence that increases in ROS can persist for several days in irradiated cells in
culture (9-11). However, direct evidence for chronic renal oxidative stress is sparse. Robbins
et al. (12) found evidence for oxidative damage to DNA in irradiated kidneys that persisted
for up to 24 weeks after irradiation; Datta et al. (13) found increased renal expression of
hemeoxygenase 1 [Hmox-1, a marker of oxidative stress (14)] 7-9 weeks after irradiation.
Unfortunately these data are insufficient for determining when the oxidative stress begins or
for choosing a method to detect it noninvasively. In addition, it does not tell us whether
oxidative stress is part of the pathogenesis of the injury or whether it is the result of the injury.
We therefore sought to extend these observations, with attention to the period before there is
physiologically significant renal damage.

Initial work focused on detecting oxidation products in urine after total-body irradiation (TBI)
in a rat bone marrow transplantation (BMT) model (15,16). When the urine assays failed to
show definitive evidence for radiation-induced chronic oxidative stress, we shifted our focus
to a direct search for oxidation products in kidney tissue from the same animals.

MATERIALS AND METHODS
Rat Syngeneic Bone Marrow Transplant (BMT) Model

TBI regimens were used to cause radiation nephropathy (15,16). This radiation nephropathy
is characterized by proteinuria, azotemia and progressive hypertension that leads to renal
failure after a median time of 30 to 40 weeks (15,16). Renal failure (uremia) is the only
significant cause of illness and death in this model (15,16). The studies were performed in
syngeneic WAG/Rij/MCW rats that were bred and housed in a moderate-security barrier. The
animals were free of Mycoplasma pulmonis, Pseudomonas and common rat viruses. No
antibiotics or immunosuppressive drugs were used. The rats were maintained in the Biomedical
Resource Center of the Medical College of Wisconsin, which is fully accredited by the
American Association of Accreditation of Laboratory Animal Care. The animal protocols were
approved by the Institutional Animal Care and Use Committee.

Seven- to 8-week-old male rats underwent TBI with a single dose of 10 Gy or with 18.8 Gy
given in six fractions over 3 days at a dose rate of 1.95 Gy/min. Irradiation was done with a
300 kVp orthovoltage source with a half-value layer of 1.4 mm copper; the radiation dosimetry
was described in detail by Cohen et al. (17). For irradiation, unanesthetized rats were
immobilized in a specially constructed jig (15). Within 24 h after TBI, the rats received a BMT
from a syngeneic donor (15). The center of the irradiation schedule was considered to be day
zero for definition of time after irradiation.

Experimental Design
Two different TBI schedules were assessed: 18.8 Gy in six fractions (two per day on 3
consecutive days with 4 h between daily fractions) and a single 10-Gy dose. The fractionated
schedule was designed to mimic the conditioning regimens used in clinical BMT (15), whereas
the single-dose schedule is more relevant to radiation accident or radiological terrorism
scenarios (18). The total doses in the two schedules were chosen to produce roughly equal
degrees of radiation nephropathy (Fig. 1). Figure 1 also illustrates the 30-35-day latent period
that is observed before the appearance of physiological evidence of radiation-induced renal
injury. Assessment of evidence for chronic oxidative stress focused on the first 56 days after
irradiation for several reasons. First, if the pathogenesis of late radiation-induced renal injury
is driven in part by radiation-induced chronic oxidative stress, as proposed by Robbins and
colleagues (7,8), then evidence for oxidative stress should precede the appearance of
physiological injury. Second, if the efficacy of renin-angiotensin blockers in the mitigation of
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radiation-induced renal injury is to be explained by inhibition of the generation of ROS, as also
proposed by Robbins and colleagues (7,8), then oxidative stress should be occurring during
the period when these blockers are most effective, which is at 30-70 days after irradiation
(19,20). Finally, oxidative stress occurring after the animals are physiologically ill could be
caused by the renal dysfunction, because renal failure itself is associated with oxidative stress
(21,22).

Monitoring the Development of Radiation Nephropathy
Animals were monitored daily in all experiments. Development of uremia was assessed for up
to 52 weeks after TBI, and animals whose blood urea nitrogen (BUN) exceeded 120 mg/dl
were euthanized. BUN, urine protein and urine creatinine were determined at intervals with
commercial kits (23). Urine protein excretion is expressed as the ratio of urine protein to urine
creatinine (UP/UC) in the same urine sample; this is done to account for the known urine-
concentrating defect that occurs in renal radiation injury and to normalize for differences in
animal size.

Determination of Urinary 8-Isoprostane (8-IP) Levels
To assess urinary 8-IP, 24-h urine samples were collected on ice into containers containing an
antioxidant (100 μl of 2% butylated hydroxytoluene in ethanol) and were then stored at -80°
C. Collection on ice with an antioxidant present is required to prevent air-induced oxidation
of lipids in the urine. An aliquot of each sample was purified on an 8-IP affinity column
(Cayman Chemical no. 416358, Ann Arbor, MI) and then concentrated by vacuum
centrifugation and reconstituted in the Cayman enzyme immunoassay (EIA) buffer. The
samples were assayed using an 8-isoprostane EIA kit (Cayman Chemical no. 516351). In brief,
the samples were incubated with an 8-IP-acetylcholinesterase conjugate and a rabbit 8-IP
antiserum in an EIA plate precoated with a mouse anti-rabbit IgG monoclonal antibody. The
EIA plate was incubated, washed and developed with Ellman’s reagent, and the absorbance at
410 nm was measured. 8-IP levels are expressed as the ratio of 8-IP (in pg) to creatinine (in
mg) in the same urine sample; this is done for the same reason as in the assessment of proteinuria
(see above).

Determination of Urinary 8-Hydroxydeoxyguanosine (8-OHdG) Levels
For assessment of urinary 8-OHdG, the samples taken for the 8-IP assays were used,
supplemented by additional 24-h urine samples that were collected without the ice and the
antioxidant. Samples were analyzed using the New 8-OHdG Check ELISA kit (24) from the
Japan Institute for the Control of Aging (no. KOG-200S/E, Genox, Baltimore, MD). The
samples (or standard) and the anti-8-OHdG monoclonal antibody were added to a microtiter
plate precoated with 8-OHdG. The monoclonal antibody reacts competitively with the 8-OHdG
bound to the plate and in the sample. The antibody bound to the sample after incubation was
washed away, leaving only the antibody, which is bound to the coated plate. An enzyme-labeled
secondary antibody was added to the plate, where it bound to the monoclonal antibody bound
to the 8-OHdG coated on the plate. Unbound secondary antibody was washed away, and a
substrate solution was added to develop the color. The reaction was terminated with phosphoric
acid solution, and the absorbance at 450 nm was measured. 8-OHdG levels are expressed as
the ratio of 8-OHdG (in ng) to creatinine (in mg) in the same urine sample; this was done for
the same reason as in the assessment of proteinuria (see above).

Immunohistochemistry of Renal 8-Hydroxydeoxyguanosine (8-OHdG)
For assessment of renal 8-OHdG, kidneys were perfused with 10% buffered zinc formalin,
embedded in paraffin, and cut into 4-μm sections. Sections were hydrated, washed in water,
incubated in citrate buffer solution (pH 6.0) in a steam bath for 20 min, and then cooled at room
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temperature for 20 min. Sections were blocked for endogenous avidin and biotin using the
SP-2001 blocking kit from Vector Laboratories (Burlingame, CA) and then blocked for protein
with 2% horse serum in PBS. They were then incubated at room temperature for 1 h with an
anti-8-OHdG monoclonal antibody (no. MOG-100P, Genox). Staining was visualized using
the ABC method (PK-6100, Vector Laboratories) and counterstained with Mayer’s
hematoxylin. An isotype control (NC-748-R7, NeoMarkers, Fremont, CA) for the monoclonal
antibody was run, and no staining was observed.

For analysis, sections were photographed at 20× with the Nuance camera system (CRi, Woburn,
MA) and analyzed with the Nuance software. Three sections at the pole of the kidney and three
sections at the equator of the kidney (that all contained glomeruli) were selected. To eliminate
staining edge effects, these pictures were taken one viewing field in from the edge of the kidney.
The camera was operated under autoexposure mode, and a blank portion of the slide was
imaged and subtracted from the final picture.

When analyzing the slides for glomerular 8-OHdG staining, a single glomerulus was used to
set threshold values for both the DAB and hematoxylin counterstain; these values were then
checked on other slides from the same staining run and adjusted so that the best possible
threshold values could be used for the entire run. All glomeruli in a particular field were then
selected and analyzed.

Determination of Urinary Protein Carbonyl Levels
For assessment of urinary protein carbonyls, 24-h urine samples were collected, spun at
3500g for 10 min to remove solids, and then stored at -80°C. Protein carbonyl content was
determined with a colorimetric assay according to the technique of Levine et al. (25). In brief,
urine aliquots containing 1 mg total protein were incubated with 0.2% 2,4-
dinitrophenylhydrazine (DNPH) in 2N hydrochloric acid (HCl) for 1 h at room temperature in
the dark and mixed every 10 min. Corresponding blanks containing an equal volume of 2N
HCl were treated similarly. DNPH-derivatized proteins and their blanks were precipitated with
10% trichloroacetic acid (TCA) and centrifuged at 11,000g for 4 min. The pellet was mixed
with 1 ml ethanol/ethyl acetate (1:1 v/v) and centrifuged at 11,000g for 4 min; this washing
step was repeated three times. The final pellet was solubilized in 0.8 ml 6 M guanidine-HCl
and centrifuged for 10 min at 11,000g to remove insoluble materials. Carbonyl content in the
supernatant was determined by measuring absorbance at 370 nm using a microtiter plate reader
(BioTek Instruments, Winooski, VT). Protein concentrations were determined by Lowry’s
method using the Bio-Rad DC protein assay kit (Bio-Rad Laboratories, Hercules, CA). Results
were calculated as nmol carbonyls per mg protein using an extinction coefficient of 22,000
M-1 cm-1 (25). Absence of interference by carbonyl groups on nucleic acids was established
by demonstrating that the 280- to 260-nm absorbance ratio was greater than 1.0 for all blank
samples (25).

To create positive and negative controls for the protein carbonyl assay, bovine serum albumin
(BSA) was first oxidized with hydrogen peroxide (H2O2) in the presence of ferrous sulfate
(FeSO4), and then an aliquot was reduced with sodium borohydrate (NaBH4). BSA was
dissolved in 20 mM pH 7.4 Tris buffer and incubated with 1 mM H2O2 and 1 mM FeSO4 for
10 min at room temperature. The oxidized BSA sample was precipitated with 10% TCA and
centrifuged at 1000g for 10 min, and then the BSA pellet was washed three times with TCA.
One aliquot was resuspended in pH 8.5 Tris-EDTA buffer (85.7 mM Tris, 0.857 mM EDTA),
and the second was resuspended in the Tris-EDTA buffer plus 20 mM NaBH4 at 37°C for 30
min. The third aliquot of BSA was neither oxidized nor reduced but was precipitated, washed
with TCA, and resuspended in the Tris-EDTA buffer.
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Determination of Renal Protein Carbonyl Levels
Carbonylated proteins were assayed in total renal tissue using an adaptation of the DNPH
method used to assess urinary protein carbonyls. Rats were anesthetized with isoflurane and
perfused with saline before the kidneys were removed. The kidneys were frozen on dry ice
immediately and stored at -80°C until assayed. Whole tissue extracts were prepared by
homogenizing 100 mg of renal tissue (cortex unless indicted otherwise) on ice in 0.5 ml of ice-
cold RIPA lysis buffer (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Homogenization was
done with a Tissue Tearor (Model 985-370, Biospec, Racine, WI) using three 10-15-s sessions.
Samples (1 mg each) of the whole tissue extract were then processed as described for the urinary
colorimetric protein carbonylation assay.

Oxidized renal proteins were also studied by immunoblotting using a modification of the
methods described by Levine et al. (26). In brief, 10-50 μg of protein from the whole tissue
extract was electrophoresed using SDS-PAGE on precast 4-20% gradient gels (Bio-Rad
Laboratories) at constant voltage for ∼2 h. The gel was then equilibrated in electrotransfer Tris/
glycine buffer (25 mM Tris, 191 mM glycine, 20% methanol, Bio-Rad) and electrotransferred
onto PVDF membrane (Immun-Blot, Bio-Rad). The membrane was equilibrated in 100%
methanol, then in 20% (v/v) methanol in TBS buffer (Bio-Rad), and incubated with 0.02%
DNPH in 0.2N HCl. The membrane was washed with 0.2N HCl and then with 100% methanol.
The membrane was blocked with 5% nonfat milk in TBS-Tween 20 (TBS-T) buffer and then
incubated overnight at 4°C with rabbit polyclonal anti-DNP antibody (Molecular Probes,
Eugene, OR) diluted 1:5,000. The membrane was then washed with TBS-T buffer and
incubated with a secondary horseradish peroxidase-conjugated polyclonal anti-rabbit IgG
antibody (Molecular Probes). Proteins were detected on Kodak BioMax X-ray film using ECL
reagent (Amersham Life Science, Piscataway, NJ).

Statistical Methods
BUN, BP, UP/UC and measures of oxidative stress are usually shown as medians with 20-80%
ranges; medians and ranges were used because physiological parameters in the groups showing
abnormal renal function were often neither normally nor log-normally distributed. Two-group
physiological data were compared by the Mann-Whitney test, while three or more groups were
compared with the Kruskal-Wallis test. Trends in values with time were analyzed using the
Kendall rank correlation test. Where multiple comparison issues are relevant, they are
discussed.

RESULTS
Development of Radiation Nephropathy

The 18.8-Gy fractionated schedule and the 10-Gy single-dose schedule produced roughly equal
degrees of radiation nephropathy (Fig. 1). As in previous studies (16), proteinuria first appears
at 30-35 days after irradiation followed soon after by azotemia and several weeks later by
hypertension. In both schedules, BUN levels exceeded 120 mg/dl at 140-170 days after
irradiation (data not shown).

Urinary Lipid Peroxidation Products after TBI
Urinary 8-IP is a commonly used marker for renal oxidative stress (27-29). Urinary 8-IP was
measured in 14 animals after 18.8 Gy fractionated TBI plus BMT and in 16 normal age-matched
animals (Fig. 2). Most animals were measured at only one time, but six irradiated and six age-
matched animals were assessed at multiple times. There was no significant trend of 8-IP levels
with time in either irradiated or age-matched normal animals (P > 0.20). In the irradiated
animals, the median urinary 8-IP level was 768 (20-80% range 492-934) pg per mg creatinine,
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whereas in the age-matched controls the levels were 679 (557-948) pg/mg; the 13% increase
in the irradiated animals is not statistically significant (P > 0.20). If the individual times are
evaluated separately, the ratio of 8-IP levels in irradiated compared to age-matched normal
animals ranges from 0.9 at 7 days to 1.2 at 35 days (all P > 0.20). There is no significant
evidence for an increase in 8-IP levels after irradiation, although an increase of 20-30% at 35
days after irradiation cannot be excluded.

Urinary DNA Oxidation Products after TBI
Urinary 8-OHdG is a commonly used marker for renal oxidative stress (29-31). Urinary 8-
OHdG was measured in all the samples for which urinary 8-IP was measured after irradiation
and in 21 of 26 samples from the age-matched normal animals in that set (Fig. 3). Urinary 8-
OHdG was also measured in six additional irradiated animals (18.8 Gy in six fractions) and
six age-matched controls; these 12 animals were each assessed at three or four different times
(Fig. 3). For irradiated and age-matched animals, there were significant decreasing trends of
8-OHdG levels with time (both P ≤ 0.002). In the irradiated animals, the median urinary 8-
OHdG level was 71 (20-80% range 50-84) ng per mg creatinine, whereas in the age-matched
controls the levels were 52 (37-70) ng/mg; the overall increase is statistically significant (P <
0.001). If the individual times are evaluated separately, the ratio of 8-OHdG levels in irradiated
compared to age-matched normal animals increased with time after irradiation, being 1.0 at
4-7 days, 1.1 at 20-22 days (P = 0.049), and 1.3 at 34-56 days (P = 0.013 at 34-36 days and
P = 0.036 at 55-56 days).

Urinary Protein Oxidation Products after TBI
Urinary protein carbonyl content has been used as a marker for oxidative stress, although it is
not used as frequently as serum protein carbonyls, urinary 8-IP and urinary 8-OHdG (29,32,
33). As part of the development of the assay, normal BSA was assayed at different
concentrations, and the protein carbonyl levels were shown to be proportional to the amount
of protein assayed (Fig. 4). As a further test, the BSA was oxidized in vitro (a positive control),
and it was shown that levels of carbonyls increased; it was further shown that the oxidized
BSA could be reduced and that this decreased the level of protein carbonyls (Fig. 4). This
experiment demonstrated that we could detect and quantify oxidative injury to albumin at levels
similar to those found in normal unirradiated rats (i.e., 1.5-3.5 nmol per mg protein; Fig. 6).

Urinary protein carbonyls were measured in 10 rats (three to seven different times each)
between 1 and 42 days after a single 10-Gy dose of radiation and in 10 age-matched normal
animals (Fig. 5). For normal animals, there was no significant trend of protein carbonyl levels
with time (P = 0.18), but in irradiated animals there were slightly increased levels with time
(P = 0.03). In the irradiated animals the median urinary protein carbonyl level was 2.2 (20-80%
range 1.6-3.5) nmol per mg protein, whereas in the age-matched controls the levels were 2.6
(1.6-3.9) nmol/mg; the decrease is not statistically significant (P > 0.20). If the individual times
are evaluated separately, the ratio of protein carbonyl levels in irradiated compared to age-
matched normal animals ranges from 0.9 at 14-35 days to 1.1 at 41 days (all P ≥ 0.14). Note
that while overt proteinuria does not begin until 45-50 days after irradiation (Fig. 1), low-level
proteinuria is detectable in these animals from 14 to 41 days after irradiation, with UP/UC in
the irradiated animals being 1.50 (1.30-2.10) g/g compared to 1.25 (1.10-1.65) g/g in age-
matched normal animals (P < 0.005). Western blots (data not shown) indicate that this excess
protein is albumin.

Renal DNA Oxidation Products after TBI
Immunohistochemical detection of 8-OHdG is a commonly used marker for oxidative stress
(12,29,34). Renal 8-OHdG staining was analyzed in 20 of the irradiated animals used for the
urinary 8-IP and 8-OHdG assays and in 20 age-matched normal animals from those studies;
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this was supplemented with an additional 16 irradiated and 12 normal animals. All irradiated
animals received 18.8 Gy in six fractions, and they and their age-matched controls were
analyzed 7 to 89 days later. Essentially all tubular cells from all animals, irradiated and control,
stained positive for 8-OHdG, so tubular staining differences could not be analyzed. In
glomeruli, cytoplasmic staining was largely absent in all animals. The median fraction of
glomerular nuclei that were positive for 8-OHdG was 0.68 (20-80% range 0.39-0.83) in
irradiated animals and 0.73 (0.52-0.91) in age-matched controls; this difference is not
statistically significant (P < 0.20). If the individual times are evaluated separately, the ratio of
glomerular 8-OHdG staining in irradiated compared to age-matched normal animals ranges
from 0.6 at 7 days (P = 0.07) to 1.2 at 89 days (P > 0.20).

While the procedures used for the 8-OHdG immunohistochemistry were standard, the nearly
ubiquitous staining suggested that the staining might be nonspecific. We have tested a number
of modifications of the protocol to address this possibility. In brief, we have tested a different
antibody (AB5830, Millipore, Billerica, MA), we have tried a serumfree protein block (X0909,
DakoCytomation, Carpenteria, CA), we have verified that we do not have endogenous
peroxidase, and we have tried the protocol without blocking avidin and biotin. None of these
changes affected the ubiquitous staining pattern. At this point, we do not know whether the 8-
OHdG immunohistochemistry results suggest the absence of radiation-induced renal oxidative
stress or nonspecificity of the antibody.

Renal Protein Carbonylation after TBI
The carbonyl content of renal proteins is a commonly used marker for oxidative stress (29,
35,36). Renal carbonyl content was analyzed in 24 of the irradiated animals used for the urinary
8-IP and 8-OHdG assays and in 25 age-matched normal animals from those studies; this was
supplemented with an additional 26 irradiated and 26 age-matched normal animals. All
irradiated animals received 18.8 Gy in six fractions, and they and their age-matched controls
were analyzed 6 to 89 days later. There was no trend of renal protein carbonyl levels with time
in either irradiated animals or age-matched controls (Fig. 6, both P > 0.20). In the irradiated
animals the median renal protein carbonyl level was 3.9 (20-80% range 2.7-5.7) nmol per mg
protein, whereas in the age-matched controls the levels were 3.2 (2.3-4.4) nmol/mg; the
increase approaches statistical significance (P = 0.06). If the individual times are evaluated
separately, the ratio of renal protein carbonyl levels in irradiated compared to age-matched
normal animals ranges from 1.6 at 21-22 days (P = 0.06) to 1.1 at 54-57 days P > 0.20). If the
data from days 6-22 are pooled, the ratio of renal protein carbonyl levels in irradiated compared
to age-matched normal animals is 1.4 (P = 0.038); however, this is a post hoc comparison, and
by any method of multiple comparison correction, it is not a statistically significant increase.

Because these studies suggested that renal protein carbonyl levels might be elevated at short
times after irradiation, the study was repeated using a single 10-Gy dose and times ranging
from 1 h to 56 days (Fig. 7). Renal carbonyl content was analyzed in 37 irradiated animals and
in 33 age-matched normal animals; this included animals used in the urinary protein
carbonylation study shown in Fig. 5. In the irradiated animals the median renal protein carbonyl
level was 3.3 (20-80% range 1.7-4.9) nmol per mg protein, whereas in the age-matched controls
the levels were 3.7 (2.9-4.7) nmol/mg; the difference is not statistically significant (P = 0.10).
If the individual times are evaluated separately, the ratio of renal protein carbonyl levels in
irradiated compared to age-matched normal animals is never greater than 1.1, and there are no
significant differences except at 56 days, where the ratio is 0.50 (P < 0.01). When the two sets
are pooled, there is no significant evidence for an increase in renal protein carbonylation after
irradiation, although an increase of 30-40% at 7-35 days after irradiation cannot be excluded.

Several hypotheses were developed to explain why no evidence of renal protein oxidation was
found in the studies shown in Figs. 6 and 7. First, the freezing of the tissue might have either
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destroyed carbonyls or created them. Second, the focus on cortex could have missed radiation-
induced carbonylation in the medulla, because superoxide production is known to be higher in
medulla than in cortex (37,38), and because increased renal medullary oxidative stress produces
hypertension (39). Finally, radiation-induced carbonylation could be restricted to a small subset
of proteins. To address these issues, we separately assessed cortex and medulla of fresh kidneys
(four animals per group) at 21 days after a single total-body dose of 10 Gy and analyzed the
proteins by both the spectrophotometric method and immunoblotting (Fig. 8). As expected,
carbonylation levels were higher in the medulla (median of 3.2 nmol per mg protein) than in
the cortex (median of 1.5 nmol/mg), but the levels in irradiated medulla (median of 3.4 nmol/
mg) were not significantly different from those in the medulla of age-matched controls (median
of 2.8 nmol/mg). Carbonylation levels from the fresh cortex (median of 1.9 nmol/mg) were
lower than in frozen cortex (3.4 nmol/mg), but the levels in fresh irradiated cortex (median of
1.5 nmol/mg) were not significantly different from those in the fresh cortex of age-matched
controls (median of 1.9 nmol/mg). The immunoblots (Fig. 8) showed no reproducible
differences between the irradiated animals and their age-matched controls. Additional
immunoblots were done on a subset of the samples shown in Fig. 6 (8 to 89 days, n = 14) and
Fig. 7 (4 h to 56 days, n = 8); again, no reproducible differences were seen between the irradiated
animals and their age-matched controls (these immunoblots not shown).

DISCUSSION
It has been hypothesized that chronic oxidative stress plays a role in the pathogenesis of late
radiation injuries (7,8,12,13,40). More specifically, it has been proposed that the benefit of
RAS antagonism in mitigation and treatment of radiation nephropathy (1-6) occurred because
ACE inhibitors or AII blockers reduced oxidative injury (7,8). However, the present data do
not make a strong case for a role for chronic oxidative stress in experimental radiation
nephropathy. Of five standard methods (29,32,41) for detecting oxidative stress in vivo that
were assessed, four (urinary lipid oxidation products, urinary and renal protein oxidation
products, and renal DNA oxidation products) found no evidence for radiation-induced
oxidative stress, and one (urinary DNA oxidation products) found only slight evidence.

In testing the hypothesis that chronic oxidative injury plays a causative role in radiation
nephropathy, we considered what to test for and when to do that testing. For the former, there
are in vitro and ex vivo techniques for measuring ROS directly (e.g., using spin traps), but these
are problematic because their use might perturb the tissue under study or in themselves might
act against damage (29,32). One could test for reactive changes in antioxidant defense
compounds [(e.g., the dichlorofluorescein assay (42)], but either increases or decreases in such
compounds could occur with chronic oxidative injury, with a true mechanism being obscured
by countervailing phenomena. Finally, one could test for the products of oxidative injury,
namely oxidatively modified lipids (27-29,32,41,43), proteins (25,26,29,32,33,35,36,41), or
DNA (12,29-32,34,41,43). We chose the latter approach and chose to assess all three classes
of oxidized products because there are reported circumstances where some classes of oxidized
products have been elevated and others not (29,33,43).

Oxidatively modified lipids and proteins were not significantly increased in the urine in the
first 42 days after TBI (Figs. 2 and 5). It is possible that longer follow-up would have found
excess levels of oxidatively modified lipids and proteins, but since the animals were already
displaying physiological evidence of renal injury by 42 days (Fig. 1), such late increases could
be caused by the renal injury (21,22) rather than being part of the pathogenesis of the injury.

The renal carbonylated protein assay showed a baseline amount of carbonylated protein that
is consistent with levels of carbonylated proteins reported by others in vitro (44) and in tissue
specimens (45). These levels did not change in the first 84 days after TBI (Figs. 6-8). It is
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possible that protein oxidation would occur at higher radiation doses, but since the radiation
doses used here are sufficient to produce renal failure, effects occurring only at higher doses
would not imply a role in the pathogenesis of the injury. It is also possible that oxidative
modification of proteins would lead to an increase in the rate of catabolism of these proteins
(46), and this might then obscure enhanced production of oxidized proteins; however, such a
mechanism remains speculative.

The small increase of urinary 8-OHdG that we found (Fig. 3) was not accompanied by an
increase in the immunohistochemical staining for 8-OHdG in the irradiated kidney. It is
possible that the urinary 8-OHdG derives from oxidation products produced in organs other
than the kidneys, and that these are filtered by the kidneys and thus appear in the urine. It is
also possible that the OHdG immunostaining is nonspecific or that the small increase in urinary
OHdG (by a factor of 1.3) is a multiple-comparison artifact. Direct assessment of oxidation of
renal mitochondrial and nuclear DNA will be required to resolve these issues, and such studies
are in progress.

In a cisplatinum model of acute renal failure (47), the urinary markers of lipid and DNA
oxidative stress were elevated, but the elevations occurred at non-overlapping times. By
analogy, it is possible that testing for markers of radiation-induced oxidative stress may yield
negative results if testing is done at the wrong time. In the present studies, however, the markers
of oxidative stress were assessed at frequent intervals between the time of irradiation and the
development of clear-cut renal injury, which is the “interval” time during which causally
relevant oxidative stress should be occurring. It is possible that earlier times (i.e., minutes after
irradiation) could be tested, but any evidence for oxidative stress immediately after irradiation
could be the residue of the irradiation itself rather than evidence for persistent chronic oxidative
stress.

It is worth noting that even if there were enhanced oxidative stress in this model, antioxidant
treatments may not be beneficial (48). For example, Prabhakar et al. (49) have recently reported
that in experimental diabetic nephropathy, where there is both intrarenal and urinary evidence
for oxidative stress, the antioxidant alpha-lipoic acid was not successful in slowing the
progression of renal failure.

Taken together, our data do not show direct evidence for chronic oxidative stress in radiation
nephropathy and little evidence for chronic oxidative stress after TBI. In fact, standard assays
for oxidative stress yielded good evidence for the absence of significant excess levels of
oxidatively modified protein, DNA and lipids after irradiation. We cannot, of course, prove
that radiation-induced chronic oxidative stress has no role in the pathogenesis of renal radiation
injury, because there is no “gold standard” for measuring such injury (29,41) and because a
negative cannot be proven. What we have shown is that if chronic oxidative stress is part of
the pathogenesis of chronic radiation-induced renal injury, it does not leave widespread or
easily detectable evidence behind.
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FIG. 1.
Time course of proteinuria (top, as the urine protein to creatinine ratio) and azotemia (bottom,
as blood urea nitrogen) after 18.8 Gy TBI in six fractions (plus BMT) or 10 Gy TBI in a single
fraction (plus BMT). Data are shown as medians with 20-80% ranges; upward arrows show
that the 80% range exceeded 20 g/g.
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FIG. 2.
Time course of urinary excretion of 8-isoprostane (8-IP), a marker of lipid oxidation, after 18.8
Gy fractionated TBI plus BMT. Data are shown for animals receiving TBI and age-matched
controls. The lines trace the median values.
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FIG. 3.
Time course of urinary excretion of 8-hydroxydeoxyguanosine (8-OHdG), a marker of DNA
oxidation, after 18.8 Gy fractionated TBI plus BMT. Data are shown for animals receiving TBI
and age-matched controls. The lines trace the median values.
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FIG. 4.
Assessment of protein carbonyl levels in normal, oxidized and reduced bovine serum albumin
as a function of the amount of protein assayed. Data are shown as medians with ranges. There
were only single samples analyzed at 0.5 mg; at 1-4 mg, three samples were analyzed for normal
and oxidized BSA and two samples for reduced BSA.
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FIG. 5.
Time course of urinary excretion of carbonylated proteins, a marker of protein oxidation, after
10 Gy single-fraction TBI plus BMT. Data are shown for animals receiving TBI and age-
matched controls. The lines trace the median values.
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FIG. 6.
Time course of urinary excretion of carbonylated proteins, a marker of protein oxidation, after
18.8 Gy fractionated TBI plus BMT. Data are shown for animals receiving TBI and age-
matched controls. The lines trace the median values.
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FIG. 7.
Time course of renal carbonylated proteins, a marker of protein oxidation, after 10 Gy single-
fraction TBI plus BMT. Data are shown for animals receiving TBI and age-matched controls.
The lines trace the median values.
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FIG. 8.
A representative Western blot showing detection of carbonylated renal proteins. The samples
used to prepare the homogenates were collected at 21 days after 10 Gy single-dose TBI plus
BMT (Lanes 5-8). Age-matched sham-irradiated rats served as controls (Lanes 1-4). Proteins
(10 μg/lane) were resolved by SDS-PAGE (4-20%) and transferred to PVDF membrane,
derivatized with DNPH on the membrane, and probed with anti-DNP antibodies.
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