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Abstract
Background/Aims: 1t is increasingly recognized that there is sexual dimorphism in kidney
disease progression; however, this disparity is lost in the presence of diabetes where women
progress at a similar rate to men. The renin-angiotensin-aldosterone system (RAAS) is known
to regulate diabetes-induced kidney injury, and recent literature would suggest that gender
differences exist in RAAS-dependent responses in the kidney. In this regard, these gender
differences may be overcome by excessive salt intake. Thereby, we hypothesized that salt
would promote proteinuria in transgenic female rats under conditions of excess tissue angio-
tensin (Ang) Il and circulating aldosterone. Materials and Methods: We utilized young female
transgenic (mRen2)27 (Ren2) rats and Sprague-Dawley (SD) littermates and fed a high-salt
diet (4%) over 3 weeks. Results: Compared to SD and Ren2 controls, female Ren2 rats fed a
high-salt diet displayed increases in proteinuria, periarterial and interstitial fibrosis as well as
ultrastructural evidence of basement membrane thickening, loss of mitochondrial elongation,
mitochondrial fragmentation and attenuation of basilar canalicular infoldings. These findings
occurred temporally with increases in transforming growth factor-f but not indices of oxidant
stress. Conclusions: Our current data suggest that a diet high in salt promotes progressive
kidney injury as measured by proteinuria and fibrosis associated with transforming growth
factor-p under conditions of excess tissue Ang Il and circulating aldosterone.
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Introduction

There is increasing interest in sexual dimorphism as it impacts cardiovascular and kidney
disease progression. In this context, previous work would suggest that men are more susceptible
to kidney disease progression and increases in proteinuria than women [1, 2]. This is true for
numerous disease states such as membranous, polycystic kidney, or even nondiabetic kidney
disease; however, it is not as clear for diabetic kidney disease where the rate of progression is
similar between males and females [2]. In this context, little is known as to why women have a
propensity to progress and develop proteinuria atarate similar to men in the presence of diabetes.

There is sufficient data from human and experimental models to support the concept that
progression of diabetic kidney disease, as measured by proteinuria, is tightly regulated by the
renin-angiotensin-aldosterone system (RAAS) [3, 4]. In both clinical and preclinical models,
interruption of the RAAS has been shown to reduce proteinuria and slow progression of
diabetic kidney disease supporting a distinct role for the RAAS [3-5]. In this regard, both
angiotensin (Ang) Il and aldosterone induce progressive kidney injury through increases in
proteinuria and are morphologically characterized by interstitial fibrosis through activation
of transforming growth factor (TGF)-f3 [6-8]. While TGF-3 has been implicated in interstitial
fibrosis, there has been work to suggest that TGF-f induces epithelial-mesenchymal tran-
sition (EMT) as a contributing mechanism [9, 10].

In addition, data from experimental models suggest that there are gender differences in
how the kidney responds to components of the RAAS, wherein estrogen has been shown to
attenuate the impact of Ang Il on proximal tubule-dependent Ang type 1 receptor responses
[11]. To this end, others and we have previously observed in a model of RAAS overactivation
that there exists dimorphism in blood pressure and proteinuria responses between males
and females [12, 13]. In this regard, the differences observed in proteinuria between female
and male congenic mRen(2)27 (RenZ):Lewis rats were overcome by administering excess
salt. Further, in combination with aldosterone, salt potentiates Rho kinase-dependent acti-
vation of TGF-f3 and downstream fibrosis [8].

In addition to intake of excess fat and carbohydrate, salt in excess contributes much to
our Western diet and the high incident rate of type 2 diabetes and chronic kidney disease. The
kidney serves to regulate excess salt and there have been decades of literature discussing the
importance of salt restriction and blood pressure control. However, there is very little infor-
mation on salt intake and kidney injury and even less on gender effects of salt intake [14]. In
order to address the effect of increased dietary salt intake on proteinuria and interstitial
fibrosis in female rats, we utilized the transgenic Ren2 rat that overexpresses the mouse renin
transgene and manifests elevated plasma aldosterone levels as well as increased kidney
tissue Ang II. The female RenZ2 rat exhibits normal body mass, but develops insulin resistance
and hypertension, yet little proteinuria [12, 15, 16]. Therefore, to investigate the impact of
increased dietary salt on the female kidney structure and function, we fed female Ren2 rats
with a high-salt diet over 3 weeks and examined proteinuria along with structural abnormal-
ities associated with progressive kidney disease.

Materials and Methods

Animals and Treatments

All animal procedures were approved by the animal care and use committees at the University of
Missouri and the Harry S. Truman Memorial Veterans’ Hospital and housed in accordance with NIH guide-
lines. Female Ren2 (6-7 weeks of age) and age-matched female Sprague-Dawley (SD) rats were randomly
assigned to feed on normal chow (Ren2-C and SD-C, respectively) or chow containing 4% of salt (Ren2-HS
and SD-HS, respectively) for 21 days [16].
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Urine Measures

Both creatinine and protein concentrations in urine were analyzed on an automated clinical chemistry
analyzer (AU680; Olympus America Inc., Centerville, Pa., USA) using commercial assays [17]. The chemistry
instrument was calibrated and proper controls were performed before analysis.

Quantification of Periarterial and Interstitial Fibrosis

Atotal of 5 pm sections of kidney from all treatments were stained with picrosirius red, according to the
manufacturer’s procedure. Slides were checked with a Nikon50i microscope, and 10 images were randomly
captured from proximal tubules, glomeruli and arteries with a cool snapcf camera and autoleveled with
Photoshop. Morphometric analysis was performed using MetaVue software. In each image (300 x 900 pixels
of proximal tubules and 350 x 350 pixels of glomeruli), the hot pink color area and its intensities, which is
representative of interstitial, glomerular and periarterial fibrosis, were quantified.

Transmission Electron Microscopy Methods

Transmission electron microscopy (TEM) images were captured as previously described [16, 17].
Briefly, immediately after harvest, 1-2 mm of renal cortical tissues were placed in primary TEM fixative
(2.5% of glutaraldehyde and 2.5% of paraformaldehyde). Then, the tissues were transferred into secondary
fixative on a rocker overnight, embedded in plastic, the plastic was polymerized at 60°C for 24 h. Ultrathin
sections (85 nm) were then stained with 5% of uranyl acetate and Sato’s Triple lead citrate. A Jem 1400-EX
transmission electron microscope (Joel Ltd., Tokyo, Japan) was utilized to capture the images. Three proximal
tubule cells (PTCs) per rat were evaluated with five 10-k and 60-k images. To maintain uniformity, we
examined S-1 segments of the PTCs with identifiable microvilli that were immediately adjacent to the glo-
meruli.

Reactive Oxygen Species Formation

Accumulation of reactive oxygen species (ROS) in kidney tissue was measured by a lucigenin-enhanced
chemiluminescence assay. Briefly, kidney tissues were homogenized and centrifuged for 1 h at 100,000 g,
and supernatants (whole homogenate) were then removed and placed on ice. Whole homogenate (100 pl)
was added to 1.4 ml of 50 mMm of phosphate (KH,P0O,4) buffer (150 mMm of sucrose, 1 mM of EGTA, 5 uM of luci-
genin, and 100 of uMm NADPH; pH 7.0) in dark-adapt counting vials. After dark adaptation, samples were
counted on a luminometer, and all counts were averaged. Samples were then normalized to total protein in
the whole homogenate.

Quantification of 3-Nitrotyrosine

3-Nitrotyrosine (3-NT) was quantified as previously described [16, 17]. Briefly, 5 pm of paraffin-
embedded kidney sections from different treatments were dewaxed, rehydrated, antigen retrieved and incu-
bated overnight with 1:150 of primary rabbit polyclonal anti-3-NT antibody (Millipore). Sections were then
washed and incubated for 30 min with secondary antibodies, biotinylated anti-rabbit, and streptavidin-
horseradish peroxidase. After several rinses with distilled water, diaminobenzidine was applied for 7 min,
and sections were again rinsed and stained with hematoxylin for 90 s, dehydrated, and mounted with
Permount. The slides were viewed under a bright-field (Nikon 50i) microscope (Nikon, Tokyo, Japan) and
40x images were captured with a Cool SNAP cf camera (Roper Scientific, Trenton, N.J., USA). The images were
analyzed by MetaVue (Molecular Devices, Sunnyvale, Calif.,, USA), and the intensity of brown color which is
indicative of 3-NT formation was quantified as gray scale intensity.

Immunohistochemistry

Harvested kidney tissue was prepared as previously described [16, 17]. Briefly, rehydrated paraffin-
embedded sections were blocked in 5% of BSA, 5% of donkey serum and 0.01% of sodium azide in HEPES
buffer for 4 h in a humidity chamber. Following a brief rinse, sections were incubated with 1:100 of rabbit
anti-TGF-B1 (Abcam), overnight in humidity chambers at room temperature. Then, the sections were thor-
oughly washed with HEPES wash buffer and incubated with 1:300 of appropriate secondary antibodies,
Alexa fluor donkey anti-mouse, rabbit, goat and rat (Invitrogen) for 4 h, according to the host of the primary
antibodies. All primary and secondary antibodies were diluted in a 10-fold diluted blocking agent. After
washing, the sections were mounted with Mowiol and were examined under a biphoton laser scanning
confocal microscope; the images were captured with the LSM imaging system. Signal intensities were
analyzed with MetaVue.
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Fig. 1. Salt induces protein excre-

tion in female transgenic Ren2
rats. Proteinuria as determined
by the urine protein:creatinine
ratio is shown. Values are means
+SE. *p < 0.05 when compared to
SD controls; t p < 0.05 when com-
pared to Ren2 controls.
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Statistical Analysis

Statistical analyses were performed using Sigma Plot 12.0 (Systat Software, San Jose, Calif.,, USA)
software. Two-way ANOVA and Bonferroni’s post hoc test were used as appropriate. All values are expressed
as means * standard error (SE).

Results

Experimental Measures in Female Transgenic RenZ2 Rats

In our prior report on the same young transgenic female Ren2 rats, 4% of salt induced
diastolic dysfunction accompanied by fibrosis and oxidant stress without changes in systolic
pressure [16]. As a marker for kidney function, we then determined proteinuria as a marker
for kidney function via a protein:creatinine ratio and observed an increase in proteinuria in
the Ren2 rats that was augmented in the presence of a 4%-salt diet compared to controls

(fig. 1).

Salt-Induced Fibrosis in Female Transgenic Ren2 Rats

The diastolic dysfunction observed in our prior report in response to salt was accom-
panied by pericapillary fibrosis and alterations in collagen content. Here again similar to the
myocardial alterations, 4% of saltinduced increases in kidney tissue fibrosis (fig. 2a, b). There
were increases in periarterial (fig. 2a) and interstitial fibrosis (fig. 2b) in both SD and Ren2
rats in response to 4% of salt.

Salt-Induced Ultrastructural Remodeling in Female Transgenic Ren2 Rats

Progressive kidney disease is characterized functionally by increases in proteinuria and
morphologically by tubulointerstitial fibrosis. In the earlier stages, proximal tubule promotion
of tubulointerstitial fibrosis is characterized by EMT wherein ultrastructural loss of PTC basal
polarity and basement membrane thickening occurs. Utilizing TEM, we observed a loss of PTC
polarity in female Ren2 rats fed a 4%-salt diet compared to other groups manifested by loss
of mitochondria elongation as well as elongated plasma membrane canalicular infoldings that
occurred in parallel with basement membrane thickening (fig. 3).

Salt Does Not Induce Oxidant Stress but It Induces TGF-f3 in Female Transgenic RenZ Rats

Oxidant stress is one mechanism that contributes to kidney tissue remodeling and
fibrosis. Both reactive oxygen and nitrogen species contribute to oxidant stress. In this
context, there were increases in both ROS generation and 3-NT content, a marker for peroxyni-
trite formation, in the Ren2 compared to SD controls (fig. 4a, b). In our prior report [16] on
salt-fed Ren?2 rats, there were further increases in fibrosis that occurred with oxidant stress.
However, 4% of salt had no effect on further increases in oxidant markers in the Ren2 kidney
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Fig. 2. Saltinduces kidney periarterial and interstitial fibrosis in female transgenic Ren2 rats. Representative
bright field images of immunostaining with picrosirius red of a periarterial fibrosis and b interstitial fibrosis
with corresponding measures of intensity to the right. Values are means * SE. * p < 0.05 when compared to
SD controls; T p < 0.05 when compared to Ren2 controls. Scale bars = 50 pm.

Fig. 3. Salt induces ultrastructur-
al remodeling of PTCs in female
transgenic Ren2 rats. There is a
similar morphology of the S1 bas-
ilar region of the proximal tubules
in control SD rats (SD-C) as well
as in Ren2 (Ren2-C) rats with
elongation of mitochondria and
canalicular infoldings (arrows).
Salt had little effect in the SD;
however, in the Ren2 (Ren2-HS),
we observed increases in base-
ment membrane thickening (BM),
loss of mitochondrial elongation,
and attenuation of canalicular in-
foldings compared to the other
groups. Scale bars = 1 uM; magni-
fication x2,000.
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Fig. 4. Salt does not induce ROS generation and 3-NT formation in female transgenic Ren2 rats. a ROS gen-
eration as determined by chemiluminescence. b Representative sections for 3-NT, a marker of peroxynitrite
(ONOO™) formation with corresponding measures of intensity. RLUs = Relative light units. Values are means
+ SE. * p < 0.05 when compared to SD controls. Scale bars = 50 um.
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Fig. 5. Salt induces TGF{-1 in female transgenic Ren2 rats. Representative images of immunohistochemical
analysis with corresponding measures of intensity to the right. Values are means * SE. * p < 0.05 when com-
pared to SD controls; T p < 0.05 when compared to Ren2 controls. Scale bars = 50 um.
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yet there was a trend observed in the SD. This led us to explore another critical mechanism
of fibrosis in the kidney. TGF-1 is known to induce Ang II-dependent fibrosis and play a role
in EMT [18]. In this regard, similar to our observed increase in periarterial and interstitial
fibrosis, there were increases in TGF-1 in response to 4% of salt in both SD and Ren2 rats

(fig. 5).
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Discussion

In our current report, we demonstrate that excess salt promotes functional and struc-
tural changes in kidney function in young, nonobese transgenic female Ren2 rats that over-
express tissue Ang Il and circulating aldosterone. In this regard, 4% of salt over 3 weeks
induced increases in proteinuria along with periarterial and interstitial fibrosis and ultra-
structural remodeling of the PTC in the Ren2 rats without significant increases in systolic
pressure as reported previously in the same animals [16]. Of note, these findings were accom-
panied by increases in TGF-1 but not measures of oxidant stress (e.g. ROS formation and
3-NT content). This would be contrary to our observations in the heart [16] wherein 4% of
salt induced functional (diastolic dysfunction) and structural (fibrosis) changes that were
elicited by increases in oxidant stress. However, our findings support the notion that precon-
ditioning by the RAAS potentiates the actions of salt on tissue fibrosis thathave been observed
by our group and others [8, 13, 16]. Our data further suggest that female Ren2 rats fed a
4%-salt diet preconditioned by overactivation of the RAAS overcome the protective impact
of gender on kidney injury and kidney disease progression.

Human cohort studies utilizing measures such as estimated glomerular filtration rate and
proteinuria support the concept that the protective effect of gender on kidney disease
progression is lost in the presence of diabetes. In recent years, there has been an increased
interestin exploring this discrepant effect of gender on kidney function and proteinuria under
conditions that recreate the diabetic state. In this context, data would indicate that ovari-
ectomy in rodents removes the protective effect of gender on proteinuria suggesting a clear
role for sex hormones in kidney function [19]. Our observation that in this female transgenic
model increases in proteinuria occurred following a diet high in salt, such as in our Western
diet, overcomes this protective effect of gender is novel. These findings further support that
dietary factors may recapitulate the loss of gender effect in the presence of diabetes. Our use
of the transgenic female Ren2 rat suggests that salt requires excess Ang Il and/or aldosterone
to precipitate impaired handling of protein. Previous work in this area suggests that increases
in proteinuria under conditions of Ang Il infusion require 8% of salt intake over 2 weeks [20],
while in congenic Ren2:Lewis rats treatment with an agonist of the G protein-coupled estrogen
receptor 30 improved proteinuria under a 4%-salt diet [21]. Data from this same study also
suggests a higher level of immunostaining of G protein-coupled estrogen receptor 30 in the
proximal tubule in this model of excess tissue Ang II, which would support a role for estrogen
in Ang II-dependent proximal tubule handling of protein.

In addition to the Ang II-dependent effects on proximal tubule handling of protein, there
has been avid interest on the impact of excess aldosterone on proximal tubule function. There
is sufficient data to support that aldosterone has a proinflammatory, pro-oxidant effect on
interstitial fibrosis in the heart and kidney [22, 23]. It is clear that, based on a number of
studies, excess salt is obligatory in aldosterone-dependent fibrosis [24]. Yet, there is little
understanding of the role that gender may have on aldosterone-/salt-dependent effects. Our
novel data suggest that in this female transgenic model of excess circulating aldosterone,
excess salt induces kidney periarterial and interstitial fibrosis. There is limited data in this
area; however, one study would suggest that drospirenone, a progestin with known miner-
alocorticoid antagonist function, prevented kidney hypertrophy, increased blood pressure
and sodium retention [25]. In this same study, drospirenone along with spironolactone also
increased kidney tissue Ang Il type 2 receptor expression and improved aldosterone-induced
suppression of serum Ang Il levels. Considering our data, these findings suggest not only a
role for a gender influence on aldosterone-/salt-dependent kidney injury but also that Ang I1
actions on kidney function require the actions of the mineralocorticoid receptor. In this
context, data from one group suggests that despite aldosterone depletion antagonism of the
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mineralocorticoid receptor improved fibrotic markers in the kidney [26]. These data, in
concert with our current observation, suggest that Ang Il/salt dependence may also require
aldosterone to elicit fibrosis.

Tubulointerstitial fibrosis is the final convergent mechanism that leads to progressive
kidney disease and ultimately end-stage renal disease. The mechanisms by which this occurs
have been an area of active interest for decades. Tubulointerstitial fibrosis is characterized
by accumulation of extracellular matrix in the renal interstitium along with ultrastructural
remodeling and loss of cellular architecture [27, 28]. Recent evidence would suggest that this
remodeling occurs through a process called EMT [18, 29]. Unique to our report is that the
evidence of ultrastructural remodeling induced by salt is consistent with EMT and conse-
quent fibrosis. EMT is characterized by loss of epithelial cell polarity, loss of cell-cell adhesion
and architecture and migration to a mesenchymal phenotype. Our observation that salt-
induced ultrastructural remodeling changes consistent with loss of proximal tubule basal
polarity, canalicular infoldings, and mitochondrial elongation (mitochondrial fragmentation)
along with basement membrane thickness in female Ren2 rats would be a novel finding indi-
cating a potential role for gender in EMT and tubulointerstitial fibrosis. In conjunction with
EMT, there has been recent interest in endothelial-mesenchymal transition (EndMT) as either
an initiator of EMT or a potential collaborator with EMT in interstitial fibrosis [30]. EndMT is
a process wherein endothelial cells contribute to fibroblast migration and fibrosis. Our
findings of periarterial fibrosis together with our ultrastructural observations suggest that
EndMT and EMT may occur in parallel. The fact that we observed this process in female Ren2
rats fed a salt diet is novel and deserves future investigation. Although our findings are struc-
tural in nature and provide little evidence towards changes in the transcriptome, they are
particularly noteworthy.

It has been previously documented that Ang II-dependent signaling through the Ang Il
type 1 receptor or aldosterone activation of the mineralocorticoid receptor combined with
salt contributes to inflammation, fibrocyte activation, collagen and extracellular protein
synthesis and fibrosis through generation of ROS [8, 13, 23, 26, 31]. Our findings that indices
of oxidant stress, such as ROS formation and 3-NT content, were increased in the Ren2 ratare
consistent with this notion, and our observation that this occurred in females extends work
in this area described by the groups mentioned above. However, the lack of a salt-induced
effect on oxidant markers in the female Ren2 is of significant interest. In this context, signaling
through TGF-B1 has been shown to induce tubulointerstitial fibrosis [6, 7]. Most of the
evidence support that TGF-B1 synthesis of extracellular matrix, collagen and fibroblast
formation occur through direct actions of Ang II on the Ang II type 1 receptor [32] or aldo-
sterone action on the mineralocorticoid receptor [33]. The collective actions of Ang II and
aldosterone appear to require salt [33-35], and there is work to suggest that endothelial
production of TGF-B1 stimulates EMT [36, 37]. Thereby, our finding that 4% of salt increased
TGF-B1 production along with associated periarterial and interstitial fibrosis in female SD
and RenZ2 rats complements prior work in this area and extends this work to suggest that
there may be a role for gender.

In summary, data from our current investigation denote that salt induces proteinuria and
fibrosis without changes in systolic pressure in young female nonobese insulin-resistant
Ren2rats [12, 16]. Our data suggest for the first time an importantrole for gender in processes
such as EMT or even EndMT. The observation that these findings occurred in a model of RAAS
overactivation support a dual role for both Ang II and aldosterone in salt-induced fibrosis.
Our data further suggest that females fed a diet high in salt preconditioned by overactivation
of the RAAS overcome the protective impact of gender on kidney injury and kidney disease
progression.
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