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Selenium Inhibits Renal Oxidation and Inflammation
But Not Acute Kidney Injury
in an Animal Model of Rhabdomyolysis
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Abstract

Acute kidney injury (AKI) is a manifestation of rhabdomyolysis (RM). Extracellular myoglobin accumulating in
the kidney after RM promotes oxidative damage, which is implicated in AKI. Aim: To test whether selenium (Se)
supplementation diminishes AKI and improves renal function. Results: Dietary selenite increased Se in the renal
cortex, as demonstrated by X-ray fluorescence microscopy. Experimental RM-stimulated AKI as judged by
increased urinary protein/creatinine, clusterin, and kidney injury molecule-1 (KIM-1), decreased creatinine
clearance (CCr), increased plasma urea, and damage to renal tubules. Concentrations of cholesterylester (hy-
dro)peroxides and F2-isoprostanes increased in plasma and renal tissues after RM, while aortic and renal cyclic
guanidine monophosphate (cGMP; marker of nitric oxide (NO) bioavailability) decreased. Renal superoxide
dismutase-1, phospho-P65, TNFa gene, MCP-1 protein, and the 3-chloro-tyrosine/tyrosine ratio (Cl-Tyr/Tyr;
marker of neutrophil activation) all increased after RM. Dietary Se significantly decreased renal lipid oxidation,
phospho-P65, TNFa gene expression, MCP-1 and Cl-Tyr/Tyr, improved NO bioavailability in aorta but not in
the renal microvasculature, and inhibited proteinuria. However, CCr, plasma urea and creatinine, urinary
clusterin, and histopathological assessment of AKI remained unchanged. Except for the Se++ group, renal
angiotensin-receptor-1/2 gene/protein expression increased after RM with parallel increases in MEK1/2 in-
hibitor-sensitive MAPkinase (ERK) activity. Innovation: We employed synchrotron radiation to identify Se
distribution in kidneys, in addition to assessing reno-protection after RM. Conclusion: Se treatment has some
potential as a therapeutic for AKI as it inhibits oxidative damage and inflammation and decreases proteinuria,
albeit histopathological changes to the kidney and some plasma and urinary markers of AKI remain unaffected
after RM. Antioxid Redox Signal. 18, 756–769.

Introduction

Up to 53% of patients with severe burns develop
rhabdomyolysis (RM) (33, 46). Acute kidney injury (AKI)

is a clinical complication of RM and this is associated with
*5% mortality in this group of patients (9). The pathogenesis of
RM is initiated by sarcolemmic injury that stimulates calcium
influx into muscle cells. Subsequent muscle myolysis releases
extracellular myoglobin (Mb) that accumulates in the kidney
(8). In humans, RM is characterized by increased serum creat-
inine, creatine kinase, lactate dehydrogenase, electrolyte im-
balances, hyperuricaemia, and aciduria with pigmenturia (8,

23, 30). Myoglobin solubility decreases in acidic conditions,
facilitating its precipitation in renal tubules (65): co-precipita-
tion of Mb with Tamm–Horsfall protein yields renal casts (65).
Extracellular Mb can promote renal lipid oxidation (21, 23, 32)
and decrease thiol redox status in kidney epithelial cells (49).
Iron chelators can attenuate oxidative damage, indicating that
iron-induced oxidative stress is a feature of RM (9, 22, 37).

Limiting nitric oxide (NO) bioavailability due to NO
scavenging and/or oxidation by (oxy)Mb, promotes vaso-
constriction (3, 8, 43). Vasoconstrictive F2-isoprostanes gen-
erated through radical-mediated arachidonic acid oxidation
may also affect vascular tone (44). Furthermore, activation of
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the renin–angiotensin system, which releases angiotensin II
(AngII), also stimulates vasoconstriction (16), which decreases
glomerular perfusion. Clinical management of AKI includes
administration of sodium bicarbonate to normalize acidic
urine, and mannitol, an osmotic diuretic, although some
clinical studies show no benefit on mortality (8).

In the kidney, the actions of AngII are mediated by binding
to angiotensin receptor I (ATRI) with subsequent phosphor-
ylation of mitogen-activated protein kinases (MAPK), which
are implicated in hypertension and chronic kidney disease
(24). In addition to vasoconstriction, AngII increases oxidative
stress and production of monocyte chemoattractant protein-1
(MCP-1) through activating nuclear factor kappa beta (NFjB)
in proximal epithelial and glomerular mesangial cells (46, 55).
Oxidative stress is implicated in promoting renal ATRI gene
expression, leading to sodium retention and increased blood
pressure (7).

Selenium (Se) is a trace element present in the active site of
selenoproteins as a unique selenocysteine residue (42). The
selenoenzyme glutathione peroxidase-1 (GPx-1) degrades
low-molecular weight hydroperoxides and maintains cellular
redox balance. Its affinity for H2O2 is greater than catalase,
making it an efficient antioxidant (60). It is also the most
Se-sensitive selenoprotein, making it a good marker for in-
trinsic selenium status (51). Our study aims to investigate the
impact of Se supplementation on markers for AKI following
experimental RM.

Results

Consistent with our previous studies (23, 32), 24 h after
administration of hypertonic glycerol (50% v/v in saline),
histological examination of the hind leg muscle demon-
strated the presence of edema and intramuscular hemor-
rhage with evidence of pyknotic nuclei, indicative of severe
muscle myolysis (Supplementary Fig. S1a–c; Supplemen-
tary data are available online at www.liebertonline.com/
ars). Extracellular Mb was also present in the circulating
plasma of animals treated with hypertonic glycerol (Sup-
plementary Fig. S1d), and the total globin concentration in
samples of urine collected over the 24 h was similar across
all glycerol-treated groups and significantly greater than
that detected in urine from the sham group (where sterile
saline was administered in place of glycerol) (Supplemen-
tary Fig. S1e).

Tissue Se distribution

X-ray fluorescence microspectroscopy (XFM) was used to
map the distribution and to determine Se concentration in
tissues from sham, RM (glycerol-treated) and Se + + (dietary
Se 5 ppm) groups that were sectioned (thickness 30 lm), and
dehydrated onto silicon nitride (see Methods). The Se and K +

elemental distribution and a corresponding hematoxylin and
eosin-stained section from the same (Se + + ) sample are shown
(Fig. 1A). The distribution of K + was uniform across all kid-
ney regions, as expected for this ubiquitous cation. The ma-
jority of Se was concentrated within the renal cortex and to a

FIG. 1. X-ray fluorescence imaging reveals renal K1 and Se
distribution. Animals were supplemented with 5 ppm dietary
Se (Se + + group) as described in the Methods section. Kidneys
were harvested 24 h after experimental RM (except the sham),
frozen sections were obtained and applied to silicon nitride
windows and incubated under vacuum ( < 0.02 Torr; 12 h)
before transport to the Australian Synchrotron for assessment
by XFM imaging. (A) The elemental distribution of Se and
potassium ions were then determined by elemental mapping,
and representative data is reported for tissue from a rat in the
Se + + group together with a parallel renal section stained
with hematoxylin and eosin. (B) Quantification of Se reported
as area normalized density units. Images are representative of
at least three different microscopic fields from n = 2 kidneys.

Innovation

The link between oxidative stress and acute renal injury
after rhabdomyolysis is based on antioxidants ameliorating
oxidative damage and improving renal function in animal
models. We have supplemented rats with the trace element
selenium and employed cutting-edge synchrotron radiation
techniques to confirm increased Se distribution in renal tis-
sues before the assessment of reno-protection, using a com-
bination of traditional and contemporary biomarkers of renal
damage and inflammation. Our data indicate that Se sup-
plementation inhibits renal oxidative damage, inflammation,
and proteinuria resulting from experimental rhabdomyo-
lysis, yet histopathological changes and some markers of
acute kidney injury remain unaffected.
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lesser extent the renal medulla (c.f., XFM and parallel H&E-
stained images, Fig. 1A). Dietary Se (at 5 ppm) increased both
renal Se levels *2-fold (Fig. 1B) and circulating GPx activity
*1.5 – 0.1-fold (mean – SD; n = 4) compared to the corre-
sponding sham (Supplementary Fig. S2).

Oxidative damage to the kidney

Levels of unesterified cholesterol (UC), vitamin E (as
a-tocopherol; a-TOH), cholesteryl arachidonate (C20:4),
and cholesteryl linoleate (C18:2), together referred to as
cholesteryl esters (CE), were unchanged in all groups
(Table 1). Lipid peroxidation increased markedly in both
plasma and renal tissues after RM, as judged by compar-
ing concentrations of cholesteryl ester-derived lipid
hydro(per)oxides (CE-O(O)H; a marker of cell membrane
oxidation) and F2-isoprostanes (marker of polyunsaturated
fatty acid oxidation) determined in the sham and RM
groups. By contrast, Se supplementation decreased CE-
O(O)H and F2-isoprostane accumulation in both the plas-
ma and renal tissues, although this did not reach the
corresponding baseline concentrations determined in the
sham (Table 1).

Urinary and plasma markers of AKI

Urinary clusterin, a marker for AKI that correlates with
hypoxic tubular damage (28), and kidney injury molecule-1
(KIM-1), a glycoprotein released in the event of early prox-
imal tubule injury (6, 59, 61), both increased significantly
after RM (Fig. 2A and 2B). While urinary clusterin was un-
affected by Se supplementation, KIM-1 decreased signifi-
cantly in the Se + + group (vs. the RM group), although it
remained elevated by comparison to the sham. Both urinary
protein and the ratio of protein:creatinine increased signifi-
cantly in all glycerol-treated animals, except in the Se + +
group, where lower levels of proteinuria (and the cor-
responding protein:creatinine ratio) were indicative of

reno-protection (Table 2). A marked decrease in the value of
body weight normalized creatinine clearance (CCr) was
determined after experimental RM (Table 2) and this was
unaffected by Se supplementation. Almost all plasma bio-
chemical markers were unchanged after experimental RM
except blood urea nitrogen (BUN) and plasma creatinine,
which increased in all animals after RM irrespective of Se
supplementation (Table 2).

Vascular function

Binding of NO to its molecular target, soluble guanylyl
cyclase, activates cGMP production (56). Induction of exper-
imental RM yielded significantly lower cGMP levels than
detected in the aorta (Fig. 3A) and kidney (Fig. 3B) from the
sham group. Dietary Se supplementation restored cGMP
content in the thoracic aortic to similar levels detected in the
sham, indicating an improved vascular tone in large bore
aortic vessels after experimental RM (Fig. 3A). By contrast, Se
did not restore renal cGMP, with levels remaining similar to
the RM group irrespective of the level of Se supplementation
(Fig. 3B). These data indicate that, while Se enhanced vascu-
lar function in large arterial vessels, renal microvascular
dysfunction remained unaffected.

Changes to gene expression and proteins
after experimental RM

Gene expression of the antioxidant response elements (Cu-
Zn)SOD-1, (Mn)SOD-2, and GPx-1 increased significantly after
RM (Table 3). In case of SOD-1, RM stimulated an accumulation
of monomeric and dimeric SOD-1 in renal tissues. This was
marginally inhibited by dietary Se supplementation, with de-
creases in the active dimeric SOD evident in both the Se + and
Se + + groups (Fig. 4A). Consistent with this evaluation of pro-
tein accumulation, immunoactive SOD increased in tubule epi-
thelial cells in all glycerol-treated groups (Supplementary Fig.
S3A(i–iv)). Accumulation of SOD-1 was primarily in the renal

Table 1. Plasma and Kidney Levels of Native and Oxidized Lipids and Vitamin E

Before and After Experimental Rhabdomyolysis

[UC] mM [TOH] mM [CEO(O)H] nM [C20:4] mM [C18:2] mM [F2-isoprotanes] pg/mL

Plasma
Sham 0.9 (0.2) 7.8 (1.8) 10.1 (3.2) 1.2 (0.3) 0.3 (0.2) 28.6 (4.8)
RM 0.8 (0.3) 6.4 (1.3) 46.3 (9.6)* 0.9 (0.8) 0.2 (0.1) 121.3 (18.3)*
Se + 0.9 (0.3) 8.1 (2.8) 24.6 (3.2)*# 1.4 (0.7) 0.4 (0.2) 53.6 (5.7)*#

Se + + 0.8 (0.2) 7.0 (1.9) 19.9 (4.1)*# 1.2 (0.3) 0.4 (0.1) 48.9 (6.2)*#

[UC]
nmol/mg P

[TOH]
pmol/mg P

[CEO(O)H]
pmol/mg P

[C20:4]
nmol/mg P

[C18:2]
nmol/mg P

[F2-isoprotanes]
pg/mg P

Kidney tissues
Sham 127.6 (27.7) 433.1 (159.3) 0.3 (0.2) 0.8 (0.3) 0.05 (0.03) 33.8 (6.7)
RM 115.2 (64.8) 426.1 (195.6) 7.9 (3.5)* 0.6 (0.5) 0.04 (0.03) 227.2 (35.5)*
Se + 104.0 (67.2) 347.5 (137.0) 4.0 (2.9)*# 0.8 (1.0) 0.03 (0.05) 97.8 (22.7)*#

Se + + 118.5 (36.8) 442.9 (153.1) 4.5 (2.7)*# 0.5 (0.4) 0.04 (0.04) 77.2 (26.2)#

The lipids from plasma and homogenized renal samples were extracted and analyzed by liquid chromatography as described in the
Methods section. Levels of unesterified cholesterol (UC), vitamin E (as a-tocopherol; TOH), cholesteryl arachidonate (C20:4), cholesteryl
linoleate (C18:2) together referred to as cholesteryl esters (CE), cholesterylester hydroperoxides and hydroxides (CEO(O)H) and
concentrations of 8-epi-F2-isoprostane were determined across sham, RM and Se-supplemented groups. Data represents mean – (SD);
plasma and kidneys from 6 rats, except for F2-isoprostane analysis in the kidneys where 4 rats were used.

*Different to the sham; P < 0.001.
#Different to the RM group; P < 0.05.
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tubule epithelia of the cortex and outer medullar regions—some
weak staining was evident within glomeruli (compare insets in
Supplementary Fig. S3A(i–iv)). Despite increases in renal SOD-1
after RM, total SOD activity showed only a weak trend to in-
crease after RM (Fig. 4B) and this was ameliorated with Se
supplementation, albeit this did not reach statistical significance.

Gene expression for GPx-1 remained high in all glycerol-
treated animals irrespective of Se supplementation (Table 3),
and this resulted in weak increases in the renal content of
GPx-1 protein in glycerol-treated animals as judged by Wes-
tern blotting (Fig. 4C). By contrast, immunohistochemical
assessment of GPx-1 (Supplementary Fig. S3B[i–iv]) showed
similar levels of GPx-1 staining (localized to tubular epi-
thelia and parietal epithelia lining Bowman’s capsule) in all
treatment groups. Unexpectedly, total GPx activity dimin-
ished after RM and, although Se supplementation improved
tissue GPx activity, it remained below that determined in the
sham (Fig. 4D). It is notable that Mb (present in the renal
tissues after RM) also exhibits peroxidase-like activity (43)

and this may interfere with ex vivo determinations of renal
GPx activity relative to the sham samples that lack extra-
cellular Mb.

Gene expression for the redox-sensitive transcription factor
NFjB was unchanged 24 h after RM induction (Table 3).
However, phosphorylation of the p65 subunit increased in
response to RM (Fig. 4E) and this occurred concomitantly
with enhanced gene expression of pro-inflammatory TNFa
(Table 3) and increased levels of MCP-1 in both circulating
plasma and renal tissues (Fig. 4F and 4G, respectively). Se
supplementation decreased P65 phosphorylation, and at the
highest dose, Se attenuated TNFa gene expression and MCP-1
accumulation in renal tissues, although plasma MCP-1 re-
mained unaffected.

Neutrophil stimulation leads to the production of hypo-
chlorous acid that oxidizes and chlorinates proteins including
Mb (52). Monitoring the level of 3-chloro-tyrosine provides a
useful index of tissue inflammation (26). Induction of exper-
imental RM markedly increased the 3-chloro-tyrosine/tyro-
sine ratio as determined by quantitative mass spectrometry
(Fig. 5A). Consistent with Se inhibiting inflammation, the 3-
chloro-tyrosine/tyrosine ratio decreased significantly in Se
supplemented animals and this reached significance at the
highest Se dose administered (Fig. 5A).

Interestingly, the extent of plasma protein chlorination
equated to *7% of the available pool of protein tyrosine, well
above levels previously reported. One possible explanation
for increased protein chlorination is that administration of
hypertonic glycerol to the hind leg muscle induces a local
inflammatory response that generates chlorinated proteins,
including chloro-Mb. Release of chloro-Mb into the circula-
tion, combined with the rapid clearance of extracellular Mb to
the kidney, may account in part for the 3-chloro-tyrosine/
tyrosine ratio determined in the renal tissues after RM. To
assess this possibility, we determined the levels of 3-chloro-
tyrosine in plasma before and after immunoprecipitation of
Mb. Overall, RM markedly increased plasma levels of 3-
chloro-tyrosine (Fig. 5B). A comparison of 3-chloro-tyrosine
content in the RM group before immunoprecipitation (RM),
the residual supernatant (RMIPS), and the precipitate (RMIP)
indicated that the level of 3-chloro-tyrosine in plasma de-
creased significantly by *70% after immunoprecipitation of
Mb. Supplementation with Se at 5 ppm in the diet signifi-
cantly decreased the plasma content of 3-chloro-tyrosine (Fig.
5B), consistent with the anti-inflammatory action of this es-
sential micronutrient documented here (Fig. 4E–4G).

Kidney histology

Kidneys from the sham displayed normal tubular epithelia
in the renal cortex, unobstructed tubules, and unremark-
able glomeruli containing thin-walled capillaries within the
glomerular tuft (Fig. 6). Consistent with RM inducing an
increase in KIM-1, glycerol treatment yielded tubule epithelial
necrosis, thickening and disruption/displacement of the
tubular epithelium with evidence of cast material, irrespective
of Se status (Fig. 6A, with 6B–6D). After RM, glomeruli
appeared congested and the capillaries within the tuft were
more difficult to identify due to the presence of relatively more
nuclear staining than evident in the corresponding sham
samples. The latter may indicate either cellular infiltration or
mesangial proliferation stimulated by the elevated levels of

FIG. 2. Urinary markers of AKI after experimental RM.
Animals were treated as described in the legend to Figure 1
before inducing experimental RM (except the sham) for a
24 h period during which urine was collected prior to harvest
of blood and kidneys. Urinary concentrations of (A) clusterin
(ng/ml) and (B) KIM-1 (ng/ml) were measured with a
commercial Luminex assay. Data are expressed as mean –
SD; n = 4 or n = 6 for clusterin and KIM-1, respectively. *Dif-
ferent to the sham; p < 0.05. #Different to the RM group;
p < 0.05; **Different to the RM and Se + group; p < 0.01.
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renal MCP-1 and NFjB activation (Fig. 4G), which may be
linked to the increase in the 3-chloro-tyrosine/tyrosine ratio
determined in the corresponding renal homogenates (Fig. 5A).

Angiotensin receptors

Gene expression of ATR I/II increased across all groups
relative to the sham. This relative increase was ameliorated by
Se supplementation; however, expression remained greater
than that detected in the sham (Table 3). Parallel increase in
immunoactive ATRI after RM was detected in the glomerular
capillary network and in the epithelium lining the renal tu-
bules in all groups after RM (Fig. 7). A similar pattern of
enhanced protein expression was detected for ATRII (not
shown), suggesting that upregulation of ATR I/II receptors
facilitates the function of vasoactive AngII.

Renal kinase activity

Renal vasoconstriction is attributed to AngII binding to
ATRI to enhance MAPK activity through kinase phosphory-
lation. MAPKinase activity increased significantly after RM
and this was sensitive to MEK-1/2 inhibition. MAPKinase
activity remained elevated in the Se + group, but was de-
creased to similar levels determined for the sham in the Se + +
group (Fig. 8). Consistent with this documented increase in
MAPK activity after RM, immunoactive p-p38 (Fig. 9A) and
p-ERK1/2 (Fig. 9B) increased after RM and the proteins were
distributed primarily in the tubule epithelia and glomeruli
similar to ATRI/ATRII. The extent of p-p38 and p-ERK1/2
staining in renal tissues was largely unaffected by Se sup-
plementation, even though ERK kinase activity was shown to
be inhibited in the Se + + group.

Discussion

Several clinical strategies have been adopted to prevent
AKI following RM. The current consensus is that RM-
mediated AKI occurs through a pathogenic mechanism

involving oxidative stress, tubular cast formation, vasocon-
striction, and renal inflammation (8). Oxidative stress mani-
fests as an accumulation of oxidized lipids, depletion of
endogenous antioxidants, and activation of pro-inflammatory
pathways. Variable reno-protective outcomes have been
reported for different natural (5, 15, 23, 58) and synthetic
antioxidants (32, 40) in animal models of RM. However, large-
scale therapeutic interventions with antioxidants in humans
have not been reported.

Selenium is a micronutrient that has been implicated in
improved defense against oxidative stress and immunity.
Dietary recommendations for Se are based on optimal GPx
activity in vitro (4): 55–60 lg for adults, with an upper limit of
400 lg (Nutrient Reference Values: Australia & New Zealand,
2005) above which Se is considered toxic. Studies examining
Se supplementation or Se deficiency in a rat model of deep
tissue burn demonstrated that Se can restore total antioxidant
status through improving total GPx activity, yet it does not
reverse oxidative tissue damage (46), which is potentially a
critical factor in the pathogenesis of AKI. Our study confirms
that Se supplementation improves the kidney redox status
(inhibiting CE-O(O)H and F2-isoprostane accumulation) and
diminishes inflammation (inhibiting NFjB activation, TNFa
gene expression, and MCP-1 production in renal tissues). This
activity decreases renal levels of chlorinated protein, although
the latter may in part involve Se limiting the local inflam-
matory response in the hind leg muscle after glycerol ad-
ministration. Urinary KIM-1 also decreased at the highest Se
dose administered consistent with inhibition of epithelial cell
de-differentiation in response to proximal tubular injury.
However, while supplemented Se preserves vascular function
in low-resistance arteries, it is unable to preserve NO bio-
availability in the renal microvasculature or inhibit RM-
mediated renal dysfunction assessed by monitoring CCR and
plasma creatinine or BUN.

Elemental XFM mapping of kidney tissues revealed that
Se increases *2-fold with supplementation (Fig. 1A) and
that Se is primarily distributed in the cortical regions. After

Table 2. Plasma and Urinary Biochemistry

Parameter Sham (n = 8) Urine RM (n = 7) Se + (n = 9) Se + + (n = 6)

Na + (10 - 3 M) 48.3 (29.7) 50 (12.5) 29.4 (20.2) 22.8 (17.6)
K + (10 - 3 M) 147.9 (60.9) 137.4 (24.38) 118.5 (21.8) 110.7 (66.4)
Body weight normalized

CCR (ml/min/kg)
12.7 (2.8) 4.3 (0.2)* 3.6 (5.7)* 5.5 (3.5)*

Protein (mg/ml) 2.1 (1.9) 9.5 (3.5)* 7.8 (2.5)* 3.0 (2.2)#

Protein:creatinine 0.05 (0.04) 0.19 (0.06)* 0.15 (0.04)* 0.07 (0.05)#

Plasma
Na + (10 - 3 M) 188.8 (52.5) 170.7 (49.1) 213 (45.9) 209.3 (70.1)
K + (10 - 3 M) 3.9 (1.2) 4.3 (0.9) 3.2 (0.3) 2.6 (1.2)
Cl- (10 - 3 M) 119.4 (17.9) 106.7 (18.8) 103.9 (2.8) 74.6 (46.2)
Urea (10 - 3 M) 5.3 (1.0) 14.8 (5.2)* 19.4 (5.6)* 14.6 (5.9)*
Creatinine (10 - 6 M) 16.7 (12.7) 63.3 (17.9)* 88.6 (18.4)* 56.2 (12.2)*
Ca2 + (10 - 3 M) 2.2 (0.4) 2.1 (0.6) 1.8 (0.4) 1.4 (0.5)

Blood plasma and urine were collected 24 h after the induction of experimental RM and concentrations of different biochemical parameters
were measured. Data expressed as Mean – (SD). Units of measurement and the numbers of samples tested (n values for all parameters) are as
indicated in the table. Creatinine clearance (CCR) was calculated as described in the Methods section.

*Different to the sham group; p < 0.05.
#Different to RM and Se + groups; p < 0.05.
For comparison, normal plasma ranges for Na + (138–152), K + (3.7–4.7), Cl - (100–105), and Ca2 + (2.4–2.6) · 10 - 3 M in the male Sprague

Dawley rat are shown as derived from References 18, 20, and 35.
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experimental RM, gene expression of renal GPx-1 increases;
however it is not clear if this led to corresponding increases in
GPx-1 protein or activity in the same renal tissues (see Fig. 4C
and D; Supplementary Fig. 3B(i–iv)). Expression of GPx-1 in
the renal tubules may be a response to pro-oxidant Mb that is
deposited in tubular casts (11), which initiates the expression
of antioxidant response elements (Table 4) in the tubule epi-
thelia. Consistent with GPx-1 localization to tubule epithelia,
a recent high-resolution imaging study demonstrated en-
dogenous Se was associated with GPx-3 in the tubule epi-
thelia, although this was in the absence of RM (34). The renal
antioxidant response to insult is confirmed by increases in the
accumulation of SOD-1 in tubular epithelia after RM (Fig. 4A
and Supplementary Fig. 3A(i–iv)), although this did not yield
an increase in SOD-1 activity in the corresponding renal ho-
mogenate (Fig. 4B).

A parallel increase in GPx-1 gene expression was demon-
strated in all RM groups. However, as shown here and else-
where (1), increased GPx-1 gene expression is not consistently
associated with increased protein activity. Interestingly, in-
creased GPx activity was demonstrated in circulating blood
from Se-supplemented animals. Therefore, renal tissues and
cells may not be protected against sustained superoxide rad-
ical anion/H2O2 generation unless circulating GPx-1 or renal
catalase activity is able to metabolize any accumulating low-
molecular weight peroxides. Notably, low-molecular weight
peroxides react with hemoproteins (such as Mb) to yield pro-
oxidative species that can damage biological lipids (9) and
this may account for the increases in CE-O(O)H and F2-
isoprostanes in the plasma and renal tissues after RM deter-
mined here (Table 1) and elsewhere (9, 23, 32).

Although Se inhibited CE-O(O)H and F2-isoprostane ac-
cumulation in plasma and renal tissues, concentrations of
oxidized lipids generally remained higher than in the sham,
which manifests as renal oxidative stress. The latter acti-
vates redox sensitive NFjB to initiate transcription of pro-
inflammatory TNFa and MCP-1 (46). Decreased glomerular
perfusion as a result of tubular cast formation may also
stimulate transient renal hypoxia that activates NFjB (13). In
animals supplemented with 5 ppm Se, activation of NFjB and
upregulation in pro-inflammatory TNFa decreased signifi-
cantly after experimental RM (Table 3), indicating that dietary
Se can attenuate renal inflammation. Consistent with this
observation, Se supplementation inhibited the accumulation
of MCP-1 in renal tissues (not plasma), and this was linked to
decreases in the renal content of chlorinated proteins, urinary
KIM-1, and the extent of proteinuria (either absolute or cre-
atinine normalized) at least for the highest Se dose tested
(Table 2). Despite these positive outcomes, body-weight ad-
justed CCr, BUN, levels of urinary clusterin, and histopatho-
logical assessment remained largely unaffected 24 h after
induction of RM in this Se-supplemented group. At least in
the case for clusterin, continued secretion of this protein ir-
respective of Se status may be linked to a role in apoptosis
suppression in renal tissues (45).

Our data demonstrated a diminished NO bioavailability/
bioactivity after induction of RM in both large-bore vessels
and the microvasculature of the kidney. While Se protected
low-resistance arteries from vascular dysfunction, the micro-
vasculature of the kidney remained impaired as judged by
comparing levels of renal cGMP between RM and Se-treated
animals. Interestingly, Se supplementation inhibited the
accumulation of F2-isoprostanes in both renal tissues and
plasma (Table 2). This oxidation product is implicated in va-
soconstriction (43). Therefore, inhibiting F2-isoprostane pro-
duction in the kidney is unlikely to be a useful strategy
to restore vascular NO bioactivity in the renal microvascula-
ture after RM, as other factors are likely more important
in assessing potential therapeutic targets. For example, levels
of plasma uric acid have been suggested as a marker for
mortality in humans with AKI (33), although the avail-
able evidence suggests that Se does not affect uric acid
metabolism (36).

Angiotensin II is a powerful regulator of renal vascular
tone. Binding of AngII to ATRI/II receptors elicits multiple
pathways that manifest as decreased renal blood flow and
Na + excretion (25). Inhibitor studies indicate that AngII-
stimulated phosphorylation of ERK and p38 MAPKs initiates

FIG. 3. Aortic and renal levels of cGMP after experi-
mental RM. Animals were treated as described in the legend
to Figure 1 before inducing experimental RM (except the
sham). After 24 h, (A) aortae and (B) kidneys were harvested,
homogenized, and cGMP assessed with a commercial kit as
described in the Methods section. Data are expressed as
mean – SD; n = 6 samples from different animals. *Different
to the sham; p < 0.01. #Different to the RM group; p < 0.05.
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oxidative stress (29, 55), MCP-1 activation via the NFjB
pathway (53), and endothelial dysfunction (decreased NO
bioavailability (57)); all features of this study. Although die-
tary Se (5 ppm selenium as sodium selenite) inhibited oxida-
tive damage, reduced renal inflammation, and significantly
ameliorated renal MAPKinase activity, this did not impact on
the extent of ATRI/II receptor expression, the phosphoryla-
tion of ERK and P38 (assessed by immunohistochemistry) or

completely restore renal function as judged by comparing the
traditional markers CCr, BUN, and tissue histopathology.
Inhibitor studies implicate ATRI in promoting renal injury
through production of reactive oxygen species, whereas AT-
RII is most commonly linked to reno-protection (25). The in-
ability for Se to regulate ATRI/II accumulation in the kidney
suggests AngII-stimulation of renal insufficiency may be in-
dependent of the reno-protection provided by supplemented

Table 3. Relative Gene Expression in Renal Tissues Before and After Experimental Rhabdomyolysis

SOD-1 SOD-2 GPx 1 NFkB TNFa ATR I ATR II

Sham 1.0 (0.1) 1.0 (0.0) 1.0 (0.0) 1.0 (0.1) 1.0 (0.0) 1.0 (0.0) 1.0 (0.0)
RM 2.1 (0.1)* 7.1 (1.1)* 2.4 (2.2)* 1.0 (0.2) 15.7 (4.4)* 13.1 (4.1)* 13.3 (5.5)*
Se + 2.7 (0.4)* 4.7 (1.1)*# 3.7 (2.5)* 1.9 (0.2) 17.9 (5.8)* 7.0 (1.7)*# 13.4 (5.6)*
Se + + 1.3 (0.4)** 2.1 (0.4)**# 2.3 (0.9)* 0.8 (0.4) 8.4 (3.2) 7.0 (1.6)*# 6.9 (2.3)*

Gene regulation studies were performed as described in the Methods section. Data are expressed as mean – (SD); n = 6 for sham, RM, Se + ,
and Se + + groups. Antioxidant stress elements (SOD-1/2 and GPx-1), inflammation markers (TNF and NFjB), and receptors for angiotensin
(ATRI and ATRII) were measured and normalized against the corresponding b-actin housekeeping gene. Each treatment group was then
expressed as a fold-change compared to the sham (arbitrarily assigned unitary value).

*Different to the sham; p < 0.01.
#Different to the RM group; p < 0.05.
**Different to the Se + group; p < 0.05.

FIG. 4. Accumulation of SOD-1, GPx-1, and phosphorylated P65 and corresponding protein activities in the kidney after
experimental RM. Animals were treated as described in the legend to Figure 1 before inducing experimental RM (except the
sham). Animals were sacrificed, and blood and kidneys were harvested to prepare plasma and renal homogenates as
described in the Materials and Methods section. Homogenate proteins were separated on SDS-PAGE and immunostained for
(A) SOD-1 protein and (B) corresponding activity was assessed; (C) GPx-1 and (D) corresponding activity and (E) p-P65 and
actin as loading control; MCP-1 levels in (F) plasma and (G) renal tissues. Enzyme activity is expressed as a fold-change
relative to the activity determined for the sham. Levels of MCP-1 were determined using a commercial EIA. Data are
expressed as mean – SD; n = 3 (SOD and GPx) or n = 4 (p-p65 and MCP-1) independent experiments using renal and plasma
samples from different animals. *Different to the sham; p < 0.01. #Different to the RM group; p < 0.05.
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Se. These outcomes indicate that the AngII–ATRI/II axis may
play a central role in promoting AKI following RM.

Others have reported that diphenyl-diselenide adminis-
tered at *7 mg/kg by oral gavage (equivalent to 7 ppm se-
lenium) reverses AKI after RM (10). The mechanism of renal
protection by di-phenyl-diselenide involves maintenance of low-
molecular weight and proteinaceous antioxidants, although it
is unclear whether urinary KIM-1, clusterin, or the renin–

angiotensin pathway are affected by this form of dietary Se.
Similarly, whether the renal tissue distribution of Se differs
markedly when administered as selenite or di-phenyl-diselenide
is not known. Notably, Se toxicity in rats occurs between 8–
16 ppm in the diet (31), therefore simply increasing Se dose to
enhance reno-protection must be approached with caution and
exploring measures to improve bioavailability are warranted as
a means to enhance reno-protection offered by dietary Se.

We recently assessed the efficacy of lipid- and water-soluble
antioxidants in experimental RM and determined that water-
soluble antioxidants were in general more effective than hy-
drophobic agents (23); however in this case the available data
indicate the opposing view with increased reno-protection
with di-phenyl-diselenide. Alternatively, our data suggest that
selectively inhibiting AngII action on ERK/p38 and associated
pathways that regulate NO bioavailability/activity may yield
improved therapeutic approaches for treating AKI after RM.

Materials and Methods

Methods related to supplementary data are described in
Supplementary Materials and Methods (available online at
www.libertpub.com/ars).

Chemicals

Biochemicals were from Sigma Aldrich (Sydney,
Australia), unless indicated otherwise. All chemicals were of
the highest available quality. Antibodies for GPx-1, ATRI, and
ATRII were from Abcam (Sydney, Australia), anti-SOD-1
(Sigma, MO) and anti-phospho ERK42/44 and p38 (Cell
Signaling Technology, MA). The VECTASTAIN� ABC kit
was from Vector Laboratories (CA). All buffers were prepared
with MilliQ� Water.

Se supplementation

Male Sprague-Dawley rats (80–100 g) were from the Animal
Resources Centre (Perth, Australia). Animals were acclimated
for 2 weeks (body weights ranged 140 to 162 g), randomly as-
signed to groups, and provided a normal diet or sodium sele-
nite supplemented diets ad libitum: 1 ppm (designated as Se + )
or 5 ppm (Se + + ) prepared by Glen Forrest Specialty Feed
(Perth, Western Australia). After 4-weeks of diet, animal
weights did not differ significantly, although a trend to de-
creased weight was apparent in the Se + + group [normal chow
309 – 18 g (n = 15); Se + diet 292 – 17 g (n = 9), and Se + + diet
285 – 13 g (n = 6), mean – SD]. Studies were conducted accord-
ing to Local Ethics guidelines that adhered to NIH Guidelines
for the Care and Use of Laboratory Animals.

Experimental rhabdomyolysis

Animals were dehydrated for 18 h before experimental RM
as described previously (14, 15). Animals assigned to RM and
Se-supplemented groups were anesthetized with isoflurane
(2% v/v in O2 (g), 1.5 l/min) then injected with 6 ml/kg of
hypertonic glycerol (50% v/v in sterile saline) into each hind
leg (this protocol yields RM with similar urinary Mb con-
centrations to levels determined after severe electrical burn in
humans (32)). Animals in the sham group received an equal
volume of sterile saline. Animals were then housed in meta-
bolic cages with unrestricted access to chow/water and urine
collected over 24 h.

FIG. 5. Impact of RM on the renal and plasma content of
3-chlroro-tyrosine. Animals were treated as described in the
legend to Figure 1 before inducing experimental RM (except
the sham). Animals were sacrificed, blood taken, and the
kidneys harvested and homogenized. The total protein
present in renal homogenates and isolated plasma were then
precipitated and hydrolyzed to individual amino acids as
described in the Materials and Methods section. Hydro-
lysates were then assessed for the content of 3-chlorotyrosine
and unmodified tyrosine by quantitative mass spectrometry
and finally expressed as (A) the ratio of 3-chlorotyrosine/
tyrosine in the tissue. In some experiments, extracellular Mb
was immunoprecipitated from the plasma and (B) the 3-
chlorotyrosine/tyrosine ratio determined in the supernatant
(RMIPS) and precipitate (RMIP). Data is expressed as a
percentage of the maximum value measured in the RM
group. Data represent mean – SD; n = 4. *Different to the
sham; p < 0.01. #Different to the corresponding level in the
RM group; p < 0.05.
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Harvest of blood and organs

Animals were anesthetized with isoflurane, followed
by i.p. injection of ketamine (50 mg/kg weight) and xylazine
(10 mg/kg weight). A thoracotomy was performed to expose the
heart, and blood was collected via cardiac puncture (8–10 ml in
100 IU-heparin) and plasma was immediately isolated and
stored at - 80�C. Next the kidneys and aortae were harvested,
the left kidney was sectioned, and the ventral portion was im-
mersed in Tissue-Tek OCT (ProSciTech, Qld, Australia) and
stored at - 80�C for preparation of frozen sections. The re-
maining sample was stored in 4% v/v formalin for histological

analysis. The right kidney was snap frozen in liquid nitrogen
and stored at - 80�C for subsequent molecular/biochemical
analyses.

X-ray fluorescence microspectroscopy

Where required, kidneys were cryo-sectioned (30 lm) and
mounted on to silicon nitride windows as described else-
where (12), vacuum-sealed, and stored at 4�C prior to XFM.
Elemental distribution maps of kidney sections were recorded
on the X-ray fluorescence microspectroscopy (XFM) micro-
probe-beamline (39) at the Australian Synchrotron (Victoria,

FIG. 6. Changes to renal architec-
ture after experimental RM. Animals
were treated as described in the legend
to Figure 1 before inducing experi-
mental RM (except the sham). After
24 h, the animals were euthanized and
samples of kidney were isolated, em-
bedded, sectioned, and stained with
PAS. Representative sections are shown
for (A) Sham, (B) RM, (C) Se + , and (D)
Se + + treated rats. Arrows in (A) high-
light unremarkable glomeruli in the
renal cortex with thin walled capillaries
in the glomerular tuft (red arrow); intact
tubule epithelia (black) that are adherent
to the tubule wall (white) in Sham tis-
sues. Arrows in (B–D) highlight tubular
casts (yellow), congested glomeruli with
increased nuclear staining (light blue),
necrotic tubular epithelial cells with
some showing displacement from tu-
bule (orange). Images are representative
of 3 microscopic regions from n = 3–5
kidneys from different animals in the
various treatment groups.

FIG. 7. Expression of Angio-
tensin II receptor 1 in renal tissues
after experimental RM. Animals
were treated as described in the
legend to Figure 1 before inducing
experimental RM (except the sham).
After 24 h kidneys were harvested,
fixed, embedded, sectioned, and
stained. Panels show distribution of
immunoactive ATRI accumulating
in renal sections from (A) sham, (B)
RM, (C) Se + , and (D) Se + + groups.
Data are representative of several
fields of view from n = 3 indepen-
dent kidneys.
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Australia). A monochromatic 12.75 keV X-ray beam was fo-
cused (to a spot size of about 6 · 2.5 lm) using a pair of hor-
izontally- and vertically-focusing Kirkpatrick-Baez mirrors,
and the fluorescence signal was collected using a single ele-
ment silicon drift energy dispersive detector (Vortex EX, SII

Nanotechnology, Northridge, CA), for 1 s per spatial point at
a step size of 10 lm. As areas of interest were identified within
the XFM images, higher resolution images were obtained
from fluorescence signals collected for 2 s per spatial point at
step size 2 lm.

Spectra for each spatial point was fit to Gaussians, modified
by the addition of a step function and a tailing function
to describe incomplete charge collection and other detector
artifacts (19). Elemental contents (counts/s/pixel) were
extracted from the fitted images. Further analysis was
performed using MAPS software (61). Elemental content
(counts/s/pixel) was normalized by X-ray scatter (counts/s/
pixel) as a proxy for tissue thickness and therefore, the relative
elemental contents are reported as dimensionless quantities.

Preparation of tissue homogenate

Intact frozen kidneys were thawed, diced, snap frozen in
liquid nitrogen, pulverized to a fine powder, and homoge-
nized for use in lipid analysis, enzyme activity assays, and
gene response studies, as described previously (23, 32).
Homogenate protein content was measured using the BCA
assay (48).

Tissue and plasma lipid profile

Renal levels of UC, TOH, C18:2, C20:4, and CE-O(O)H were
determined by high-performance liquid chromatography (48,
64). F2-isoprostanes (nonenzymatic oxidation of arachidonic
acid) were determined with an immunoassay kit (Cayman,
Ann Arbor, MI; detection limit *12 pmol/mg protein). All
samples were saponified (10 M NaOH), neutralized (1 M
HCl), centrifuged (3060 g), and the supernatant collected for
isoprostane determinations. Finally, results were normalized
to total homogenate protein.

FIG. 8. Assessment of MAPK activity determined in renal
tissues after experimental RM. Animals were treated as
described in the legend to Figure 1 before inducing experi-
mental RM (except the sham). After 24 h, the animals were
euthanized and samples of kidney were isolated, homoge-
nized, and MAPK activity was determined in the absence or
presence of the MEK inhibitor (U0126) as described in
Methods section. Data represents mean – (SD); n = 5. *Dif-
ferent to the sham; p < 0.05. **Different to the RM group;
p < 0.05. #Different to the corresponding group in the absence
of U0126; p < 0.01.

FIG. 9. Immunoactive phosphorylated ERK1/2 and p38 in rat kidney after experimental RM. Animals were treated as
described in the legend to Figure 1 before inducing experimental RM (except the sham). After 24 h, animals were euthanized,
kidneys harvested, fixed, and prepared for immunohistochemical analysis, as described in Methods section. Representative
images show immunoactive (A) phosphorylated p38 and (B) phosphorylated ERK1/2 determined in (i) sham, (ii) RM, (iii)
Se + , and (iv) Se + + treatment groups (inset 40X magnification of corresponding glomeruli). Data representative of at least 3
fields of view from n = 3 different kidneys.
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Assessment of tissue cGMP

Isolated aortae or renal tissues were thawed and homoge-
nized in buffer containing the phosphodiesterase inhibitor 3-
isobutyl-1-methyl-xanthine (100 lM, Sigma, MO) (23). Tissue
cGMP was determined with a commercial ELISA kit (Cayman
Chemical, MI) and normalized against renal homogenate
protein.

Tissue gene response

Total RNA was extracted from renal homogenates with a
kit (GeneElute; Sigma Aldrich, Sydney, Australia) and cDNA
was constructed using BioScript Reverse Transcriptase (Bio-
line, Sydney, Australia) using a PCR-MasterCycler (Eppen-
dorf, Sydney, Australia) (23, 32). Gene expression was
determined by q-PCR, quantified by the comparative Ct
method, normalized against b-actin, and expressed as fold-
change relative to the sham using primer sequences shown in
Table 4.

Renal antioxidant enzyme activity

Enzyme activity was determined using renal homogenates,
and normalized against total protein (BCA Assay; Sigma,
Sydney, Australia). The homogenized tissue was centrifuged
(5000 g, 5 min) and the supernatant further clarified (5000 g,
5 min) and collected for enzyme activity assays. Total SOD
activity was measured as described previously (2). Glu-
tathione peroxidase activity was analyzed by monitoring
NADPH consumption with H2O2 as the cofactor (63).

Western blot analysis

Renal homogenates were normalized to total protein, loa-
ded onto SDS-PAGE, then transferred to nitrocellulose for
Western blotting. Antibodies against GPx-1 (Sigma, Aus-
tralia), b-actin (loading control; Sigma) and p-(serine 276)P65
(Signalway, MD) were employed.

Kidney histology

Kidney sections were de-paraffinized, rehydrated, and thin
sections (5 lm) were treated with periodic acid and stained in
Schiff’s reagent, counterstained with Mayer’s hematoxylin,
dehydrated, and mounted with DPX solution, as described
previously (41).

Immunohistochemistry

Thin sections (5lm) were cut and mounted onto SuperFrost
Plus slides for staining using a Dako Auto-immunostainer. Sec-
tions were de-paraffinized, blocked with 3% v/v albumin in TBS-
T and 5% v/v goat serum, then incubated with the appropriate
primary antibody (dilution 1:200 v/v, 60 min). Controls were
incubated with TBS-T (negative control). All sections were wa-
shed and incubated with a biotin-conjugated secondary antibody
(1:250 v/v, 30 min, Vectastain ABC). Samples treated with sec-
ondary antibody alone or TBS-T acted as negative controls. Sec-
tions were washed, incubated with streptavidin-conjugated HRP
(1:250 v/v, 30 min, Vectastain ABC) and visualized with DAB
(DAKO, Sydney Australia). Sections were counterstained with
Mayer’s hematoxylin, dehydrated, and mounted using DPX so-
lution (DAKO). Images were captured with an Olympus Mi-
croscope using a digital camera (DP Controller; v2.2.1.227) and
converted to TIFF for handling with MS PowerPoint (2008, v7).

Inflammatory marker CCL2/MCP-1

The pro-inflammatory chemokine MCP-1 was analyzed in
samples of plasma and renal homogenates using a commer-
cial AlphaLISA� CCL2 / MCP1 Kit, following the manufac-
turer’s instructions and using a Pherastar Microplate Reader
with AlphaScreen standard settings.

Markers for acute kidney injury

Glomerular filtration rate. Plasma and urinary levels of
Na + , K + , Cl - , Ca2 + , creatinine, and total protein were de-
termined by the Diagnostic Pathology Unit (Concord Hospi-
tal, Sydney Australia). Serum and urinary creatinine levels
were used to calculate CCr, as we reported previously (23, 32).

Urinary markers. Urinary clusterin, KIM-1, and osteo-
pontin were analyzed using a MILLIPLEX Kidney Toxicity
Panel (Millipore, Sydney, Australia) and a Luminex� xMAP�

multiplex platform.

Kinase activity assay

An ADP-Glo� Kinase Assay (Promega, WI) was used to
analyze MAPK activity in renal homogenates using phos-
pholipase A2 (a specific substrate for ERK). Where required,
MAPK activity was inhibited by addition of the MEK1/2 in-
hibitor (U0126–IC50 of 72 nM for MEK1 and 58 nM for MEK2;

Table 4. Primer Sequences for Q-PCR Analysis

Gene Forward primer Reverse primer Annealing temperature (�C)

ATRI 5¢-ATGCCAGTGTGTTTCTGCTC-3¢ 5¢-CCAATGGGGAGTGTTGAGTT-3¢ 60�C
ATRII 5¢-GTGTCCAGCATTTACATCTTCA-3¢ 5¢-CACCAAACAAGGGGAACTAC-3¢ 60�C
b-ACTIN 5¢-AGCCATGTACGTAGCCATCC-3¢ 5¢-CTCTCAGCTGTGGTGGTGAA-3¢ 60�C
GPx-1 5¢-TGAGAAGTGCGAGGTGAATG-3¢ 5¢-AACACCGTCTGGACCTACCA-3¢ 60�C
NF-jB1 5¢-TTCCCCACACTGTAAACCAA-3¢ 5¢-AGCAAGTGTAATCCAATAGC-3¢ 60�C
SOD-1 5¢-CCACTGCAGGACCTCATTTT-3¢ 5¢-TCTTCATTTCCACCTTTGCC-3¢ 60�C
SOD-2 5¢-GGCCAAGGGAGATGTTACAA-3¢ 5¢-GCTTGATAGCCTCCAGCAAC-3¢ 60�C
TNFa 5¢-AGGGTACCACAGAAAGATGC-3¢ 5¢-GGAGATGAGACCCTTAGGTT-3¢ 58�C

Oligomers were synthesized by Sigma Aldrich (Sydney, Australia) and b-actin was employed as a housekeeping gene in all reverse
transcriptase-PCR studies. The corresponding annealing temperatures employed in the RT-PCR reactions are also listed. ATRI/II, angiotensin
receptors I and II; GPx-1, glutathione peroxidase-1; NFjB, nuclear factor kappa B; SOD-1/2, superoxide dismutase 1 and 2; TNF, tumor
necrosis factor.
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Sigma). Plates were read using a Pherastar Microplate Reader
and exported to Microsoft Excel (v7) for further manipulation.

Assessment of renal 3-chloro-tyrosine levels

Renal homogenates were delipidated and precipitated by
the addition of 3% w/v sodium deoxycholate and 50% w/v
trichloroacetic acid prior to centrifugation at (6000 g · 5 min).
Pellets were washed with acetone, centrifuged (6000 g · 5 min)
to remove acetone, dried under a stream of N2(g), resuspended
in 6 M methanesulfonic acid containing 0.2% tryptamine, and
finally hydrolyzed under vacuum at 110�C for *12 h, as de-
scribed previously (27).

Detection and quantification of 3-chlorotyrosine (3-Cl-Tyr)
was performed by quantitative mass spectrometry (54).
Briefly, 3-chloro-[13C9,15N] tyrosine and [15N]-tyrosine
(final concentration 1.5 nmol) were added to each sample as
an internal standards before hydrolysis, using the protocol
outlined above. The hydrolysates were purified using solid-
phase extraction columns (Supelco, Sydney, Australia) that
were activated with 100% methanol before preconditioning
(2 · 2 ml) using 0.1% TFA/H2O. Samples were loaded and
washed on the columns with 2 ml of 0.1% v/v TFA/H2O and
eluted with 80% v/v methanol/H2O, dried under vacuum at
60�C, and re-dissolved in 100 ll of 0.1% v/v formic acid.
Unmodified tyrosine and 3-Cl-Tyr were detected using an
Agilent LC-MS and quantified using an external calibration
curve that was constructed with authentic Tyr and 3-Cl-tyr
and their corresponding isotopically labeled forms (0–
500 pmol). The peak area for each Tyr residue relative to its
internal standard was then employed in determinations of the
ratio of the 3-Cl-tyr/Tyr ratio.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(Version 5.00 for Windows), and data were evaluated using
one-way ANOVA with Newman-Keuls post-hoc test for
multiple comparisons; significance was accepted at the 95%
confidence level ( p < 0.05).
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Abbreviations Used

AKI¼ acute kidney injury
AngII¼ angiotensin II
ATRI¼ angiotensin receptor I

ATRII¼ angiotensin receptor II
BUN¼ blood urea nitrogen

CE¼ cholesteryl ester
CE-O(O)H¼ cholesteryl ester derived lipid

hydroperoxides and hydroxides
CCr¼ creatinine clearance

cGMP¼ cyclic guanosine monophosphate
ERK¼ extracellular-signal related kinase
GPx¼ glutathione peroxidase

KIM-1¼ kidney-injury-molecule I
MAP kinase¼mitogen-activated protein kinase

Mb¼myoglobin
MCP-1¼monocyte chemoattractant protein I

NFjB¼nuclear factor kappa beta
NO¼nitric oxide

pNPP¼p-nitrophenyl phosphate
RM¼ rhabdomyolysis

Se¼ selenium
SOD1/2¼ superoxide dismutase 1/2

TNF¼ tumor necrosis factor
TOH¼ tocopherol

UC¼unesterified cholesterol
XFM¼X-ray fluorescence microscopy
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