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Abstract
Inactivation of manganese superoxide dismutase (MnSOD), a mitochondrial antioxidant, has been
associated with renal disorders and often results in detrimental downstream events that are
mechanistically not clear. Development of an animal model that exhibits kidney-specific
deficiency of MnSOD would be extremely beneficial in exploring the downstream events that
occur following MnSOD inactivation. Using Cre-Lox recombination technology, kidney-specific
MnSOD deficient mice (both 100% and 50%) were generated that exhibited low expression of
MnSOD in discrete renal cell types and reduced enzymatic activity within the kidney. These
kidney-specific 100% KO mice possessed a normal life-span, although it was interesting that the
mice were smaller. Consistent with the important role in scavenging superoxide radicals, the
kidney-specific KO mice showed a significant increase in oxidative stress (tyrosine nitration) in a
gene-dose dependent manner. In addition, loss of MnSOD resulted in mild renal damage (tubular
dilation and cell swelling). Hence, this novel mouse model will aid in determining the specific role
(local and/or systemic) governed by MnSOD within certain kidney cells. Moreover, these mice
will serve as a powerful tool to explore molecular mechanisms that occur downstream of MnSOD
inactivation in renal disorders or possibly in other pathologies that rely on normal renal function.
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Introduction
Manganese superoxide dismutase (MnSOD), also known as SOD2, is the major
mitochondrial antioxidant responsible for scavenging superoxide radicals generated by the
respiratory chain activity or via mitochondrial stressors [1,2]. This enzyme is encoded by a
single copy nuclear gene that consists of five exons and four introns [3,4], and upon
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translation MnSOD is transported to mitochondria via an amino-terminal targeting sequence
[5]. Studies using global MnSOD knockout (KO) mice have shown that complete loss of
MnSOD can result in massive oxidative stress and neonatal death caused by
cardiomyopathy, neurodegeneration, and metabolic acidosis [6,7]. Thus, it is clear that
MnSOD provides an indispensable function within the mitochondria.

The balance of oxidants and antioxidants may play a primary role against the development
of the cell and tissue injury. Damage caused by excess production of mitochondrial
superoxide has been implicated in the pathogenesis of a number of disorders such as chronic
inflammation, aging and cancer [8-12]. Reduced MnSOD enzymatic activity has been well-
documented in several diseases [12-18] and can lead to significant oxidative stress within
the mitochondria and/or cell. Inactivation of MnSOD has been frequently observed in renal
disorders such as ischemia/reperfusion injury, transplant rejection as well as angiotensin-II
induced hypertension [19-21]. Our laboratory has previously shown that MnSOD is
susceptible to tyrosine nitration and oxidation which leads to inactivation of the enzyme,
hence additional oxidant production [19,22]. These reports clearly demonstrated that loss of
MnSOD protein did not account for loss of enzymatic activity during renal transplant injury;
rather post-translational modifications of the enzyme were involved. In addition, these
studies also showed that MnSOD inactivation preceded renal damage further suggesting that
loss of MnSOD activity was a key event in renal damage following ischemia. However, the
mechanistic pathways involved with the protection governed by MnSOD remain largely
unknown. This has encouraged us to investigate the molecular events downstream to the
reduced expression of MnSOD enzyme within the kidney using an in vivo model.

The development of transgenic and gene-KO mice in which the MnSOD gene is either over-
expressed or knocked out, respectively, provides a powerful tool to study the consequence of
reduced MnSOD in disease and/or to determine the enzyme's contributory role in normal
physiology. However, as mentioned earlier, the complete MnSOD KO mice die [6,7], and
the heterozygous/partial MnSOD KO mice exhibit decreased MnSOD activity in all tissues/
organs [7,23] which makes interpretation of these data on specific organ function less clear.
Thus, the goal of this study was to develop a novel mouse model that mimics a condition of
renal inactivation of MnSOD in vivo. This paper describes the generation of a kidney-
specific MnSOD KO mouse line using Cre mediated deletion of MnSOD allele (s). These
renal-specific KO mice will serve as an invaluable tool to explore the molecular mechanisms
that occur downstream of MnSOD inactivation in various renal disorders and could possibly
be useful in other pathologies that rely on normal renal function.

Materials and Methods
Mice

Two transgenic mouse lines were used to develop kidney-specific MnSOD KO mice. The
first transgenic mouse line (Ksp1.3/Cre) expressed Cre recombinase specifically in the
kidney (distal tubules, collecting ducts, Loops of Henle, ureteric buds, and developing
genitourinary tract) [24] and was a generous gift from Drs. Peter Igarashi and Paul
Overbeek. This mouse line is on a C57BL/6 background. The second transgenic mouse line
was the MnSOD floxed mouse (exon 3 of MnSOD allele was flanked with two LoxP sites in
introns 2 and 3) on a C57BL6CrSlc background, which was a generous gift from Drs. Takuji
Shirasawa and Ting-Ting Huang [25]. Mice were maintained according to the criteria
outlined in the Guide for the Care and Use of Laboratory Animals published by the National
Institutes of Health (NIH). All of the animal protocols were approved by the Institutional
Animal Care and Use Committee at the University of Arkansas for Medical Sciences to
perform as described in the paper.
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Generation of mice with kidney-specific deletion of MnSOD
Heterozygous female MnSOD floxed mice (MnSODflox/wt) [25] were crossed with
heterozygous male Kidney Cre mice that express Ksp1.3/Cre transgene specifically in the
kidney (Kidney Cre/MnSODwt/wt) [24] as illustrated in Figure 1B. From the filial (F) 1
progeny, mice (male or female) with heterozygous deletion of MnSOD gene that harbor Ksp
1.3/Cre transgene (Kidney Cre/MnSODflox/wt or 50% KO) were selected. These 50% KO
mice were further crossed with the opposite sex of MnSOD floxed mice (MnSODflox/wt) to
obtain mice expressing complete deletion of MnSOD (Kidney Cre/MnSODflox/flox or 100%
KO) in the F2 progeny. In addition, to increase the percentage of 100% KO mice in the F2
progeny crosses between MnSOD homozygous floxed mice (MnSODflox/flox) and 50% KO
were also made.

Genotype analysis
Genomic DNA was extracted either using the HotSHOT method [26], from tail clips of 4
weeks old pups or using a commercialized kit (DNeasy® Tissue Kit, Qiagen Inc, Valencia,
CA) from kidney and liver tissues after sacrificing the mice at 8-10 wks of age (this was
performed to detect the deleted MnSOD allele). Five different published PCR primer pairs
(P1: 5′CGA GGG GCA TCT AGT GGA GAA G; P2: 5′TTA GGG CTC AGG TTT GTC
CAT AA; P4: 5′ AGC TTG GCT GGA GGT AA; Cre1: 5′ AGG TTC GTT CAC TCA TGG
A and Cre2: 5′ TCG ACC AGT TTA GTT ACC C) were routinely used to detect the
MnSODwt and MnSODflox alleles and the inserted Cre gene by multiplex PCR analysis
[24,25]. The multiplex PCR conditions were as follows: 95°C for 15 min, then 32 cycles of
94°C for 35 sec, 58°C for 35 sec, 72°C for 35 sec, and finally 72°C for 10 min. The
MnSODwt allele was detected by using primer pairs P1 and P2, which amplified a 500-bp
fragment; whereas the MnSODflox allele was detected by using primer pairs P1 and P4,
which gave a 358-bp fragment. The Ksp1.3/Cre transgene was detected by using the primer
pairs Cre1 and Cre2, which amplified a 235-bp fragment. An additional primer P3 (5′ CTA
GTG AGA TGG CTC AGC-3′) [27] was used to identify the deleted MnSOD allele
(MnSODdel). Using primer pairs P1 and P3, a 401-bp product of MnSODdel was detected in
the complete (100%) KO mice, whereas the heterozygous deletion (50% KO) gave an
additional 754-bp wild type (WT) product. The PCR conditions to amplify deleted MnSOD
allele were slightly different: 95°C for 15 min, then 30 cycles of 94°C for 45 sec, 62°C for
45 sec, 72°C for 1 min, and finally 72°C for 10 min.

Organ isolation
Mice were anesthetized with Isofluorane, which was delivered as 5% for induction and 2%
for maintenance anesthesia using an “ISOTEC” vaporizer. An incision was made superior to
the symphysis pubis up to the tip of the xyphoid process. Bilateral nephrectomy was
performed immediately after clamping of renal vessels. Both kidneys were weighed and
processed as follows: half of the right kidney was fixed in neutral buffered formalin (NBF),
the other half and whole left kidneys were saved for biochemical assays (e.g. MnSOD
activity assay). The blood was collected from the inferior vena cava. Liver, heart, and lungs
were isolated, weighed and saved for histology.

Histological evaluation
Two cross-sections of 4 to 5-μm thickness from each paraffin block were mounted on a
glass slide (Fisherbrand Superfrost Plus, Fisher Scientific, Pittsburgh, PA, USA) and
deparaffinized through xylene and a series of graded ethanol washes. The sections were
further processed as described in separate sections below. Counterstaining was performed
with Mayer's Hematoxylin (Electron Microscopy Science, Hatfield, PA, USA) and bluing
was carried out by dipping in 0.125 % ammonia blue solution. Finally, the slides were
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dehydrated and covered with Cytoseal-60 (Electron Microscopy Science, Hatfield, PA,
USA) and mounted with a cover slip. All images were taken using Nikon Eclipse E800
microscope (Q Capture imaging and Nikons Elements software).

Periodic Acid-Schiff reaction
Renal sections were assessed for tissue injury using the Periodic Acid-Schiff (PAS) reaction
using standard procedures. For each kidney, cross sections containing the cortex and
medulla were measured objectively by a pathologist for the severity of cellular damage. The
PAS stained sections of KO (50% and 100%) mice were compared to Kidney Cre mice.
Evaluation was conducted based on the following criteria: tubular dilation, cast in lumen,
and cell swelling/enlargement. All parameters were graded on a scale of 0 - no change, 1 -
minimal change, 2 - mild change, and, 3 - prominent change.

Immunohistochemistry
For immunohistochemical analysis, antigens were retrieved by heating sections in 10 mM
sodium citrate buffer (pH 6.0) for 20 min. Endogenous peroxidase was quenched by
incubating the sections with Peroxidase Suppressor (Thermo Scientific, Rockford, IL, USA)
for 15 min at RT. The slides were blocked with Non Serum Protein Block (Dako,
Carpinteria, CA, USA) for 20 min at RT. Primary antibodies were prepared in antibody
diluent solution (0.5% non fat dry milk and 1% BSA in TBS) and incubated overnight at 4
°C, except for Cre-recombinase (1h at RT). The concentration of primary antibody and
dilution were as follows: Anti-MnSOD, 1:250 (Millipore, Temecula, CA, USA); Anti-Cre
recombinase, 1:1000 (Covance, Emeriville, CA, USA), Anti-Nitrotyrosine, 1:6000
(Millipore, Temecula, CA, USA). The specificity of nitrotyrosine antibody binding in the
renal tissue was confirmed by blocking the antibody with 3-nitrotyrosine (10 mM).
Immunoreactivity was detected by Dako Envision+ System-HRP (Dako, Carpinteria, CA,
USA). Semi quantitative evaluation of nitrotyrosine staining was performed based on the
percentage of positive tubules in 10 high power fields (200×) from cortex and medulla using
following scores: 0 - null/negative; 1 - less than 10% positivity; 2 - 10% to 50% positivity; 3
- greater than 50% positivity.

Serum creatinine assay
Serum creatinine was determined using a modified Jaffe's method (Pointe Scientific, Canton,
MI, USA) in a Cobas Mira clinical analyzer (Roche Diagnostics, Indianapolis, IN, USA).
The values were expressed as mg/dl.

Blood glucose determination
An ACCU-CHEK® Compact Plus meter (Cat. # 3149137) was used to measure the fasting
blood glucose levels.

Systolic blood pressure measurement
Systolic blood pressure was recorded in conscious mice using the tail-cuff method [28].

MnSOD activity
Enzymatic activity of MnSOD was determined in renal extracts by the Cytochrome c
reduction method in the presence of 1 mM KCN to inhibit Cu, Zn SOD activity as
previously described [29].
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Statistical analysis
Results are presented as mean ± standard error of the mean (SEM). One way analysis of
variance (ANOVA) was used to compare the mean values among the different groups,
followed by Tukey's test to compare differences in mean between two groups at 95% level
of confidence using the Origin 6.0 statistical software. Differences with a P value less than
0.05 were considered statistically significant.

Results
Generation of kidney specific MnSOD deficient mice

Using Cre-Lox recombination technology, novel kidney specific MnSOD KO mice
(complete or 100% KO and heterozygous or 50% KO) were generated. Two different
transgenic mouse lines were utilized for breeding: 1) floxed MnSOD mice [25], and 2)
Ksp1.3/Cre transgenic (Kidney Cre) mice [24]. The LoxP sites that flank exon 3 of the
mouse MnSOD gene are targets for Cre recombinase (CR) that is expressed in the kidney of
the same mouse (Fig 1A), thus, exon 3 is deleted leaving the other four exons present in the
genome. All six different genotypes were obtained in the second or F2 crossing (Fig 1B).
DNAs from tail clips from all mice were PCR amplified using multiplex PCR primers. As
shown in Fig 1C, mice with complete deletion of MnSOD allele within the kidney (100%
KO) expressed a 358-bp fragment for MnSODflox and a 235-bp fragment for Ksp1.3/Cre
transgene (Lane 2). An additional 500-bp fragment for MnSODwt allele was detected in the
kidney specific 50% KO mice (Lane 5). Similarly, a single band of 358-bp for mice
homozygous for floxed MnSOD (Lane 7) and a single band of 500-bp for mice homozygous
for the WT MnSOD allele (Lane 6) were observed. Kidney Cre mice (Lane 3) and
heterozygous MnSOD floxed mice (Lane 4) expressed an additional 500-bp wild type
MnSOD allele.

To determine whether a CR mediated complete ablation of MnSOD allele occurred
specifically in the kidney, genomic DNA extracted from kidney and lungs were PCR
amplified using P1 and P3 primers. The deleted MnSOD allele (MnSODdel) was detected as
a single 401-bp fragment from the kidney of 100% KO mice, whereas the 50% KO mice
gave an additional 754-bp product, which corresponded to WT MnSOD (Fig 1D).
Amplification of lung DNA resulted in a single WT MnSOD band (754-bp), with no
evidence of the deleted allele, for all genotypes, which confirms that this breeding strategy
results in generation of kidney specific MnSOD KO mice (50% and 100%). Additional
studies revealed no differences between WT or Kidney Cre mice in any of the parameters
tested (data not shown); therefore, Kidney Cre results are shown as WT control throughout
this study.

Histochemical evidence of Cre mediated MnSOD deletion in the kidney
MnSOD immunohistochemistry (IHC) was used to examine the extent and localization of
MnSOD knockdown in both KO mice (50% and 100%). Kidney sections from KO mice
revealed a gene-dose dependent decline of MnSOD protein expression when compared to
the Kidney Cre mice. A predominant loss of MnSOD was observed within the medullary
region (both inner, IM; and outer, OM) of KO mice (Fig 2A, a-c). Whereas, MnSOD protein
expression in proximal tubules (pt) and glomeruli (gl) of the cortical area remained
unchanged, the cortical distal tubules (dt) showed modest and substantial reduction in
MnSOD protein expression in 50% and100% KO mice respectively (Fig 2A, d-f). Discrete
MnSOD knockdown was observed in the outer stripe of the outer medullary region, where
thick ascending limb (TAL) of Loops of Henle (indicated by arrow head) and the collecting
ducts (indicated by arrow) showed a gene-dose dependent reduction in MnSOD protein
expression with the greatest reduction observed in the 100% KO mice (Fig 2A, g-i). A
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dramatic decline of MnSOD protein expression was observed in the collecting ducts (arrow)
and thin limb of Loops of Henle (arrow head) of the inner medullary region of 100% KO
mice, while 50% KO mice exhibited only modest reduction of MnSOD protein in these
tubules (Fig 2A, j-l).

Since the extent of MnSOD knockdown was present in discrete renal cells it was equally
important to determine the localization of CR expression. In agreement with previous
findings using Kidney Cre (Ksp 1.3/Cre) transgenic mice [24], our bi-transgenic MnSOD
KO mice also exhibited intra-nuclear CR protein within the distal tubules, collecting ducts,
and Loops of Henle (Fig 2B). CR-positive cells were rarely detected in the proximal tubules.
Taken together, these results suggest that not all renal cells were the target for the Cre
mediated MnSOD deletion, which explains the discrete nature of MnSOD knockdown
within the kidney of these newly developed KO mice.

To determine whether knockdown of MnSOD protein also reduced enzymatic activity, renal
tissue from Kidney Cre and KO (50% and 100%) mice were homogenized and utilized in
the MnSOD activity assay. Consistent with the extent of protein reduction observed with
IHC, MnSOD activity was reduced in a gene-dose dependent manner. Results obtained from
five different mice within each genotype revealed that MnSOD activity was impaired by
∼16% and ∼60% in the 50% and 100% KO mice respectively (Fig 2C). The overall
reduction in MnSOD activity correlated well with the extent of protein knockdown within
the kidney in 50% and 100% KO mice, especially since the activity measurements included
all regions (cortex and medulla) of the kidneys.

Cre-Lox mediated MnSOD knockdown was specific to kidney
The bi-transgenic Cre-Lox mice have global expression of MnSODflox and kidney specific
Ksp 1.3/Cre transgene expression. In order to confirm that the CR protein expression is
confined only in the kidney and not in other organs it was necessary to examine MnSOD
protein expression outside of the kidney. Paraffin embedded sections from liver and heart of
Kidney Cre, 50% and 100% KO mice were utilized for IHC of CR and MnSOD proteins. As
expected, the Kidney Cre and KO (50% and 100%) mice did not show CR protein
expression in heart (Fig 3, a-c) or liver (Fig 3, d-f). Similarly, no change in protein levels of
MnSOD was observed in the examined organs – heart (Fig 3, g-i) and liver (Fig 3, j-l),
confirming that the Cre mediated MnSOD knockdown is kidney specific in this newly
developed MnSOD KO mice.

MnSOD knockdown did not alter Cu, Zn SOD protein levels
Superoxide dismutases (SOD) are a distinct group of antioxidant enzymes that catalyze the
dismutation of superoxide into molecular oxygen and hydrogen peroxide. Among three
isoforms of SOD, MnSOD and Cu, Zn SOD are localized intracellularly. Therefore, Cu, Zn
SOD IHC was performed to examine whether low levels of MnSOD protein expression
altered expression of the Cu, Zn SOD protein. These data showed that the Kidney Cre and
100% KO mice exhibited similar levels of Cu, Zn SOD protein in the kidney (Fig 3, m-o).
Thus, the reduction in expression and activity of MnSOD did not alter the expression of Cu,
Zn SOD suggesting that there is independent regulation of these two intracellular forms of
SOD.

Kidney specific knockout mice showed no overt survival difference and body physiology
change but were smaller in size

Mice with globally mutated MnSOD gene die within 21 days of birth [6,7]. Therefore, it was
of interest to determine whether the deletion of MnSOD within the kidney had any altered
effect on survivability and growth pattern. The kidney specific 100% KO mice showed no
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overt survival difference when monitored out to ∼22 months of age when compared to
Kidney Cre mice (Table 1). Interestingly, kidney specific 100% KO mice exhibited a
significant smaller body weight when compared to their Kidney Cre littermates (Fig 4 A, B).
Further evaluation revealed no significant difference in the weight of vital organs (kidney,
liver, heart and lungs) among the genotypes (Table 1). In addition, these KO mice had no
gross abnormality in other basic physiological parameters including blood glucose and
systolic blood pressure (Table 1).

Kidney-specific MnSOD knockout mice exhibited altered kidney morphology with no overt
damage in renal function

Periodic Acid-Schiff (PAS) staining was performed to examine histopathological changes in
kidneys of the MnSOD KO mice. Interestingly, the 100% KO mice exhibited dilated distal
tubules, within the cortex region (Fig 5, c and l). Semi quantitative evaluation based on the
pathological scores (see methods) showed a significant tubular dilation in 100% KO mice
when compared to Kidney Cre mice (Fig 5; P = 0.016). These dilated tubules of 100% KO
mice exhibited a significant increase in proteinacious casts within the lumen compared to the
Kidney Cre mice (Fig 5; P = 0.012). In addition, loss of MnSOD protein was associated with
prominent epithelial cell swelling in the dilated distal tubules (Fig 5 l). This tubular cell
swelling was significant both in the 50% and 100% KO mice (Fig 5; P = 0.0009, Kidney Cre
vs. 100% KO, and P = 0.0003, 50% vs. 100% KO). These results indicate that the loss of
MnSOD within the distal tubules appears to induce a stress mediated tubular dilation and
cellular swelling.

Serum creatinine is a common marker of overt renal function. Significant changes in serum
creatinine normally occur only after the kidney has sustained a marked injury. Using serum
samples from the MnSOD KO mice, no significant difference in serum creatinine levels
were detected (Table 1), indicating that these KO mice do not undergo severe renal
dysfunction.

MnSOD knockdown augments oxidant production within the kidney
Previous reports from our laboratory, and others, have shown that MnSOD inactivation
leads to increased nitrotyrosine levels [19,21,22,30]. Tyrosine nitration is considered a good
marker of oxidant production [31,32]. Thus, it was of interest to evaluate the accumulation
of nitrated proteins within the kidney as a consequence of MnSOD knockdown.
Nitrotyrosine IHC data revealed a gene-dose dependent increase in tyrosine nitration in KO
mice when compared to the basal level of expression in Kidney Cre mice (Fig 6A). The
specificity of nitrotyrosine staining was also confirmed using nitrotyrosine antibody
preabsorbed with excess 3-nitrotyrosine (Fig 6A, dhl). Similar to the discrete pattern of
MnSOD protein expression within specific renal compartments (Fig 2A); tyrosine nitration
staining also appeared to be localized. Specifically, high levels of tyrosine nitration were
localized to cortical distal tubules in a gene-dose dependent manner (Fig 6A a-c). Medullary
regions (both outer and inner) also showed gene-dose dependent localization of tyrosine
nitration within the collecting ducts and Loops of Henle (TALs and thin segments) in both
KO mice (Fig 6A e-g, i-k). Interestingly, acellular casts within distal tubules, collecting
ducts, and Loops of Henle of KO mice showed positive staining for tyrosine nitration (Fig
6A c, j and k). Semi quantitative data based on the percentage of positive tubules (see
methods) showed a significant increase in tyrosine nitration levels in the kidney sections of
both KO mice (Fig 6B; P = 0.0008, Kidney Cre vs. 100% KO; and P = 0.0012, Kidney Cre
vs. 50% KO). These results indicate that loss of MnSOD leads to increased oxidant
production, tubular dilation, cell swelling, and cast formation.
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Discussion
There is growing evidence, from experimental and clinical studies, that oxidative stress may
be implicated in the pathogenesis of renal dysfunction [33]. Low expression or decreased
enzymatic activity of MnSOD can result in excessive generation of superoxide anions and
more toxic downstream oxidants. Previous studies reported that the down-regulation of
MnSOD protein [18] and reduced enzymatic activity were prevalent during renal failure
[22]. However, the precise molecular events that lead to renal injury subsequent to MnSOD
inactivation are not clear.

Current animal models that modulate the expression of MnSOD have been developed and
have greatly contributed to scientific advancements. Global deletion (heterozygous) of
MnSOD resulted in similar levels (∼50%) of enzyme dysfunction in all tissues/organs
[7,23], limiting the use of this MnSOD KO mouse model for evaluation of the kidney-
specific effects related to MnSOD inactivation. Therefore, it was imperative to design an in
vivo model that would allow us to explore the resultant effect of kidney-specific MnSOD
protein ablation. The transgenic mouse line carrying a floxed MnSOD gene allows for
deletion of the MnSOD gene in cells that express the CR enzyme. This MnSOD floxed
transgenic mouse line has been used in several other animal models to selectively delete
MnSOD from liver [25], heart [34], brain [35], and muscle [27,36]. Another transgenic
mouse line used in this study was the Ksp1.3/Cre transgenic mouse that specifically
expresses Cre-recombinase in collecting ducts and loops of Henle (highest), distal tubules
(substantial) and proximal tubules (occasional), but not in glomeruli, blood vessels, or renal
interstitial cells [24]. Exploiting Cre/Lox recombination technology and these two mouse
lines for breeding, we were able to generate kidney-specific MnSOD KO mice (50% and
100%) in which a Cre mediated deletion of exon 3 left a mutated version of MnSOD allele
(s) specifically in the kidney (Fig 1). As a result, gene-dose dependent MnSOD protein
knockdown was observed exclusively in the cells of distal tubules, collecting ducts, and
Loops of Henle in these 50% and 100% KO mice. Reduction of MnSOD protein was
dramatic in the inner medullary region of the 100% KO mice (Fig 2A c, l). Furthermore, this
ablation of MnSOD protein resulted in ∼60% reduction in enzymatic activity within the
kidney (Fig 2C). These findings suggest that this mouse model may be suitable for studying
a consequent effect of discrete renal inactivation of MnSOD in vivo.

It has been shown that over-expression or deletion of Cu, Zn SOD does not regulate the
expression of MnSOD protein and it appears that these two enzymes are regulated
differently in vivo [37]. In line with this observation [6], we were able to show an
independent regulation of MnSOD and Cu, Zn SOD enzyme expression in the kidney of our
novel KO mouse models (Fig 3), which further makes these KO mice an excellent model for
kidney-specific MnSOD KO in vivo.

Characterization of these novel KO mice showed that the kidney-restricted 100% KO mice
resulted in a smaller body size with no developmental abnormalities (Fig 4) or change in
survivability (Table 1). However, the smaller body size observed had no effect on the weight
of other vital organs such as heart, lungs and liver (Table 1). These results raise an intriguing
question as to whether renal knockdown of MnSOD (hence elevated mitochondrial
superoxide) has an effect on the musculo-skeletal system. Future studies will address the
link between decreased MnSOD within specific renal cells and the change in phenotype of
these MnSOD KO mice. One possibility is that MnSOD KO may impact mineral
metabolism critical to normal bone formation.

Surprisingly, the MnSOD KO mice exhibited normal kidney function (Table 1), although
MnSOD knockdown did result in modest renal damage including tubular dilation, epithelial
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cell enlargement, and casts formation within the tubular lumen (Fig 5). The renal damage
was localized to the distal part of the nephron, which was consistent with the localization of
Cre recombinase and areas showing repressed MnSOD expression (distal tubules, Loops of
Henle and collecting ducts). No evidence of glomerular injury was observed, which was
comparable to unaltered MnSOD protein expression in the glomeruli. Since the primary
function of distal tubular cells is to maintain ion homeostasis, impairment in these cell types
(as evident by cell swelling) might not be sufficient to affect the overall glomerular function.
This may explain why we did not see an overt decrease in renal function (as measured by
serum creatinine level) in the MnSOD KO mice.

Distal tubules and collecting ducts are the primary sites for casts formation and these casts
are normally excreted in the urine, which has been shown to be an early marker of renal
injury [38]. Proteinacious/acellular casts were abundantly present in the dilated distal
tubules and was associated with enlarged tubular cells (Fig 5 c, k, l). The mechanism leading
to dilation of distal tubules in the KO mice is unknown. However, it is possible that injury to
distal tubules increased casts formation which might lead to obstruction and dilation of the
distal tubules in the KO mice. Furthermore, it is possible that a specialized group of cells in
the Loops of Henle - thick ascending limbs (TALs), might also contribute to this dilation via
synthesis of the glycoprotein (Tamm-horsfall protein or THP), which is normally secreted in
the urine and can facilitate casts formation [39,40]. A transient increase of THP has been
observed in the urine during oxygen free radical mediated damage in dog kidneys [41].
Moreover, it has been shown that THP can be tyrosine nitrated which leads to aggregation of
calcium oxalate crystals [42,43]. Although, our studies did not address the role of THP, it is
possible that it could contribute to tubular dilation observed in the current study.

The macula densa cells are specialized cells of distal tubules, and play an important role in
blood pressure regulation via induction of renin production [44,45]. As there was evidence
of morphological alteration of distal tubular cells following MnSOD knockdown, we
hypothesized that this might result in altered blood pressure. However, the KO mice did not
show a significant change in blood pressure (Table 1). Given the localized nature of MnSOD
expression within renal cells, it is possible that this effect was not adequate to affect the BP
in the 100% KO mice.

Decreased MnSOD protein resulted in significant oxidant production as revealed by
histochemical assessment of nitrotyrosine protein accumulation in the KO mice. The pattern
of tyrosine nitration was localized in similar cortical regions that displayed significant
reductions in MnSOD (dilated distal tubules and collecting ducts) as well as medullary
regions including the collecting ducts and Loops of Henle. Future studies will evaluate the
effect that elevated mitochondrial oxidant production has on mitochondrial function in the
MnSOD KO mice.

In summary, we have generated a novel mouse model in which Cre mediated deletion of
MnSOD allele was kidney-specific. To our knowledge, this is the first mouse model for
kidney-specific deletion of MnSOD and could be an ideal model to study the metabolism of
mitochondrial superoxide in the kidney and/or the specific targets of injury following
MnSOD inactivation within the kidney. Homozygous (100%) deletion of MnSOD in the
kidney resulted in a distinct phenotype with smaller body size but displayed normal life-span
and body physiology. One of the most interesting aspects of these KO mice was the
localized deletion of MnSOD in particular cell types (distal tubules, collecting ducts and
Loops of Henle). Consequently, this mouse model could serve as a powerful tool in
dissecting out the pathways that occur downstream of MnSOD inactivation, as well as the
role that normal MnSOD activity has in function of specific renal cell types.
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Bp base pair

BP Blood pressure

CO Cortex
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dt distal tubule

IHC Immunohistochemistry

IM Inner Medulla

KO knockout

MnSOD Manganese superoxide dismutase

OM Outer medulla

PAS Periodic Acid Schiff

PCR polymerase chain reaction

pt proximal tubule

TAL Thick ascending limb

WT Wild type
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Figure 1. Generation of novel kidney specific MnSOD knockout (KO) mice
(A) Schematic diagram showing the LoxP sites flanking Exon 3 of MnSOD alleles that are
targets for the Cre recombinase (CR) enzyme. As a result, Exon 3 will be deleted leaving a
mutant form of the MnSOD allele (complete/100% KO and heterozygous/50% KO). (B)
Breeding strategy using founders (F0) transgenic MnSOD floxed mice and Ksp/1.3 Cre
transgenic mice to obtain kidney specific 50% and 100% MnSOD KO mice. (C) Multiplex
PCR was used to determine Cre and MnSOD gene expression of all six genotypes using tail
clip DNA. The yield of PCR products were as follows: 500 bp - MnSODwt, 358 bp -
MnSODflox, and 235 bp - Cre. (D) DNA material isolated from mouse kidney and lung
tissues were PCR amplified using P1 and P3 primers. Kidney DNA of 50% and 100% KO
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mice yielded PCR product of 401 bp (MnSODdel) while an additional 754 bp fragment of
MnSODwt was amplified from the kidney DNA of 50% KO mice and Kidney Cre mice.
Amplified lung DNA displayed only the MnSODwt band in all three genotypes using P1 and
P3 primers.
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Figure 2. MnSOD protein expression and activity is reduced in kidney-specific MnSOD KO mice
MnSOD and Cre-recombinase immunohistochemistry was performed using 4 – 5 μm kidney
sections (n = 6). (A) MnSOD protein expression: representative 40× cross-sectional images
for Kidney Cre, 50% KO, and 100% KO (a-c respectively). MnSOD protein was expressed
in the cortical (CO), outer medullary (OM), inner medullary (IM), and papillary (PA)
regions. 400× images of cortex (d-f); outer medulla (g-i) and inner medulla (j-l) from the
respective 40× images are shown (dt: distal tubules; pt: proximal tubules; arrow head
indicates Loops of Henle; arrow indicates collecting ducts). (B) Cre recombinase protein
expression in kidney sections from Kidney Cre, 50% KO, and 100% KO mice within the
cortex, outer and inner medulla (a-i). Representative bars indicate 500 μm for 40× images
and 50 μm for 400× images. (C) MnSOD activity was determined in total renal homogenates
using the cytochrome c reduction method. Activity decreased ∼2 to 3 –fold in 100% KO
mice when compared to 50% KO (P =0.0045) and Kidney Cre (P =0.000046) mice
respectively. Error bar represents Mean ± SEM (n = 5).
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Figure 3. Tissue specific nature of Cre recombinase expression and lack of effect on Cu, Zn SOD
protein expression
Representative immunohistochemistry micrographs of liver, heart, and kidney sections from
Kidney Cre, 50% KO and 100% KO mice (n = 6). Sections were evaluated for Cre
recombinase (a-f; heart and liver), MnSOD (g-l; heart and liver), and Cu, Zn SOD (m-o;
kidney) protein expression. Representative bars indicate 50 μm for 400× images (a-l) and
500 μm for 40× images (m-o).

Parajuli et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Kidney specific 100% MnSOD KO mice are smaller in size
(A) Photograph showing phenotypic appearance of genetically modified mice at 8 weeks
old. 100% KO mice (right) were smaller in size when compared to Kidney Cre (left) and
50% KO (middle) mice littermates. (B) Mean body weight (g) was determined at 8 weeks.
100% KO mice were significantly smaller in weight (g) than the Kidney Cre control mice (P
= 0.015). Error bar represents Mean ± SEM (n = 10).
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Figure 5. Renal morphology is altered in kidney-specific MnSOD KO mice
Representative 400× micrographs of PAS staining in renal cortex (a-c); outer medulla (d-f)
and inner medulla (g-i) of Kidney Cre, 50% and 100% KO mice. Representative cortical
sections (400×) were enlarged in panels j-l to show the dilation of distal tubules (asterisk),
protein casts formation (double asterisks), and epithelial cell swelling (arrow) in tubules
from MnSOD KO mice. Representative bars indicate 50 μm for 400 × images. The graphs
show the pathological scoring for tubular dilation, protein casts in lumen, and cell swelling
of Kidney Cre, 50% KO and 100% KO mice. Error bar indicates Mean ± SEM (n = 5 - 6).

Parajuli et al. Page 20

Free Radic Biol Med. Author manuscript; available in PMC 2012 July 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Oxidative stress is induced in kidney-specific MnSOD KO mice
Increased nitrotyrosine protein expression was detected in the tubules of 100% KO (c, g, k)
and 50% KO (b, f, j) mice when compared to Kidney Cre mice (a, e, i). The specificity of
nitrotyrosine antibody binding in the renal tissue was confirmed by blocking the antibody
with 3′nitrotyrosine (10 mM) using 100% KO mice kidney sections (d, h, l). Representative
micrographs of 400× magnification are shown. Bar indicates 50 μm. (B) Expression level of
nitrotyrosine was evaluated and scored (Kidney Cre vs. 100% KO, P = 0.0008 and Kidney
Cre vs. 50 % KO, P = 0.0012). Error bar indicates Mean ± SEM (n = 6).
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Table 1
Survival and physiologic (8 - 10 wks) data in KO mice compared to Kidney Cre mice

Parameters Kidney Cre 50% KO 100% KO

Survivability (months) > 22 months not studied > 22 months

Serum Creatinine (mg/dl) 0.22 ± 0.04 0.32 ± 0.04 0.25 ± 0.04

Blood Glucose (mg/dl) 169.00 ± 4.83 163.17 ± 7.52 162.50 ± 12.50

Systolic Blood Pressure (mmHg) 94.48 ± 9.98 95.49 ± 5.91 100.47 ± 4.48

Weight of vital organs(g)

 Kidney 0.151 ± 0.010 0.169 ± 0.009 0.160 ± 0.008

 Liver 1.065 ± 0.084 0.972 ± 0.086 0.937 ± 0.087

 Heart 0.124 ± 0.006 0.147 ± 0.030 0.129 ± 0.007

 Lungs 0.144 ± 0.008 0.170 ± 0.036 0.124 ± 0.007
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