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Aldosterone/NaCl-induced renal and cardiac fibrosis is
modulated by TGF-b responsiveness of T cells

Barbara Schreier1, Sindy Rabe1, Bettina Schneider1, Stefanie Ruhs1, Claudia Grossmann1, Steffen Hauptmann2,
Manfred Blessing3, Joachim Neumann4 and Michael Gekle1

We examined the contribution of transforming growth factor (TGF)-b-T-cell signaling to aldosterone (aldo)/salt-induced fibrosis in

the kidneys and the hearts of FVB/N wild-type (WT) or transgenic (Tg) mice expressing a dominant-negative TGF-b type II

receptor in T cells (hCD2-DkTbRII). Animals received aldo through osmotic minipumps and had access to either 1% NaCl

(aldo/NaCl group) or tap water (vehicle group) for 4 weeks. Systolic blood pressure was measured during this period via a tail

cuff. The animals were then killed, and urine, blood, kidneys and hearts were collected. Systolic blood pressure did not differ

between the groups. Aldo/NaCl enhanced renal, cardiac and left ventricular weight in WT animals slightly, but only renal weight

was increased in Tg animals. Urinary protein excretion was enhanced in Tg animals (fourfold) and increased further in WT

(twofold) and Tg (1.8-fold) mice on aldo/NaCl treatment. Aldo/NaCl increased interstitial fibrosis in the kidneys (1.5-fold) and

the hearts of WT (2.5-fold) animals. Under control conditions, Tg mouse cardiac (3.2-fold) and renal (1.7-fold) tissues were

slightly more fibrotic compared with WT, and this condition was not further aggravated by aldo/NaCl. Aldo/NaCl-induced mRNA

expression of renal fibronectin (10.7-fold in WT) but not of renal collagen mRNA expression (WT: Col1a1 7.7-fold; Col3a1,

3.1-fold; and Col4a1 3.3-fold) was abrogated in Tg animals. In hearts, aldo/NaCl-induced plasminogen activator inhibitor-1

mRNA (twofold) expression depended on TGF-b-T-cell signaling. Our results indicate that (i) aldo/NaCl can induce renal and

cardiac damage in the absence of blood pressure changes, (ii) the elimination TGF-b-T-cell cross-talk leads to renal and cardiac

fibrosis but does not exacerbate aldo/NaCl-induced damage and (iii) the pathological aldo/NaCl effect is modified, in part,

by TGF-b-T-cell cross-talk.
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INTRODUCTION

It has been shown that counteracting angiotensin II action prevents
cardiovascular events and the progression of renal failure in patients
with vascular and hypertensive diseases.1 Recently, the mineralocorti-
coid receptor (MR) and its ligand, aldosterone (aldo), have gained
attention because both have been identified as important pathogenic
mediators of end-organ damage, independent of the angiotensin II
type 1 receptor and its ligand.2,3 Rocha et al.4 demonstrated that
eplerenone, an aldo antagonist, was able to prevent angiotensin II/salt-
induced vascular inflammation in the rat heart. This vascular inflam-
mation is at least, in part, mediated through a mechanism not related
to blood pressure or renal sodium retention.5–8

Aldo binds to the MR, which belongs to the nuclear receptor
superfamily and acts as a ligand-dependent transcription factor.9

Under physiological conditions, aldo enhances sodium reabsorp-
tion in the distal nephron of the kidney and enhances potassium
excretion, an effect facilitated by aldo-induced Na+ reabsorption.10

MR can be detected in epithelial cells and in non-epithelial
tissues, such as cardiomyocytes, vascular smooth muscle cells,
endothelial cells and some cells of the immune system, including
dendritic cells; inappropriate activation in these cells can have patho-
physiological consequences.11–13 For example, inappropriate MR acti-
vation induces renal fibrosis, which is accompanied by increased
transforming growth factor-b (TGF-b) expression at sites of fibrosis
in the damaged kidneys and moderately increased monocyte/macro-
phage infiltration.14 This increase in infiltrating immune cells is a
main feature of renal fibrosis15 and is involved in cardiac fibrosis.6,13

When MR is deleted in monocytes/macrophages, the increased
infiltration of immune cells persists, whereas the blood pressure
increase on MR stimulation and cardiac fibrosis is reduced after 8
weeks.16 T cells may also contribute to aldo/NaCl-mediated fibrosis
because the adoptive transfer of T cells to RAG1�/� (T and B cell null)
mice restored the hypertensive phenotype in mineralocorticoid/NaCl-
treated mice.17
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One important effect of pathological MR activation is enhanced
TGF-b expression, for example, in cardiomyocytes and the kidney.18–22

TGF-b may enhance matrix protein expression by a direct action in
renal or cardiovascular tissue, but it could also modulate inflamma-
tory pathways and thereby promote fibrosis and tissue remodeling (for
review, see ref. 23, 24). Previous studies have demonstrated the
requirement of the active form of TGF-b in mediating the effects of
aldo in neonatal cardiomyocytes.25 Conversely, TGF-b exerts anti-
inflammatory properties, as shown in atherosclerosis, by regulating
the survival of lymphocytes, natural killer cells and dendritic cells.22

Additionally, TGF-b exerts multifunctional effects on T cells (for
review, see ref. 26, 27). It has recently been shown that aldo promotes
Th17-polarized immune responses through the modulation of den-
dritic cell function, resulting in enhanced TGF-b secretion.12 This
secretion may contribute to the inflammatory damage leading to
hypertension and cardiovascular disease.
Mice with a loss-of-function mutation in the TGF-b signaling

cascade show up to 100% embryonic lethality depending on the
genetic background; surviving mice are characterized by a multifocal
inflammatory response.26 Therefore, we used a mouse model in which
the TGF-b pathway is interrupted solely in T cells.28–30 These
transgenic (Tg) mice express a dominant-negative TGF-b type II
receptor that lacks the intracellular kinase domain responsible for
the activation of the signaling cascade and is under the control of the
human CD2 promoter in T cells.30 These mice have been shown to be
more susceptible to collagen-induced arthritis and autoimmune
hepatitis, and less susceptible to airway hyperreactivity, with a shift
in the activated T cell phenotype toward Th1 cells.28–30

The aim of our study was to investigate whether the role of TGF-b
in aldo/NaCl-induced renal and cardiac damage depends on cross-talk
with T cells and whether this effect is mediated by the activated MR.

METHODS

Animals
Mice were housed in a room maintained at 22±2 1C and exposed to a 12-h

dark/light cycle. All procedures performed on animals were done in accordance

with the guidelines of the American Physiological Society and were approved by

the Landesverwaltungsamt Sachsen-Anhalt, Halle, Germany; the permission

number was 42502-02-691 MLU.

The generation and characterization of Tg hCD2-DkTbRII mice is described

elsewhere.28 All Tg lines were established and maintained as heterozygotes on

an FVB/N wild-type (WT) background. Detailed information is available at

http://www.jaxmice.jax.org/strain/001800.html. Non-Tg littermates (WT) were

used as controls. Aldo/NaCl treatment was performed by infusion of aldo

(0.6mg per day and g body weight (BW)) or vehicle via osmotic minipumps.

Plasma aldo levels were significantly higher in aldo-treated animals (WT

11.09±2.07 nmol l�1 and Tg 14.80±1.52nmol l�1; N¼5 animals per group)

compared with vehicle-treated animals (WT 4.42±0.83 nmol l�1, N¼4;

Tg 3.89±0.72nmol l�1, N¼6), but they did not differ between genotypes,

demonstrating the successful delivery of aldo. The 6-month-old animals of

27±2 g BW were trained for blood pressure measurements for 14 days before

blood pressure measurements were recorded for 35 days. After 7 days, animals

underwent minipump implantation. For implantation, the animals were

anesthetized with esketamine (50mg per kg BW, Pfizer, Karlsruhe, Germany)

and xylazine (5mg per kg BW, Bayer Healthcare, Leverkusen, Germany). The

mice had free access to standard chow and to either 1% NaCl (aldo/NaCl

group) or tap water (vehicle group).

Measurement of blood pressure and urinary protein excretion
After a 2-week training period, baseline (day 0) blood pressure was measured

daily for 1 week. To acclimate the animals to the procedure, blood pressure was

measured twice weekly by tail cuff using external tail pulse detection (ADI

instruments, Spechbach, Germany) in awake animals after surgery. The average

of 7–15 measurements was taken as the representative pressure for a single

animal. At 28 days after surgery, blood pressure was measured for the final

time, and the animals were killed the following morning. When the mice were

killed, spontaneous urine was collected to determine the protein/creatinine

ratio. The Bio-Rad Protein Assay (Bio-Rad Laboratories, Munich, Germany)

was used to measure the protein content. Creatinine was measured via the Jaffé

reaction, as published previously.31

Organ harvesting
Immediately after death, kidneys and hearts were excised, carefully freed from

adjacent tissue and weighed. Subsequently, the left ventricle was separated and

weighed. Furthermore, tibia length was measured for normalization of organ

weights. Portions of the kidneys and the left ventricles were immediately snap

frozen in liquid nitrogen for later RNA extraction, whereas the remaining

portions were placed in a 3% paraformaldehyde solution for fixation. Tissues

were dehydrated by bathing in increasing concentrations of methanol or

isopropanol. After embedding in paraffin, 3mm sections were cut.

Determination of blood parameters
The following parameters were analyzed in the animal blood samples: aldo

(Aldosterone ELISA, IBL, Hamburg, Germany), glucose (Accu Chek, Roche,

Mannheim, Germany), hematocrit, blood cell distribution and plasma urea

(QuantiChrom Urea Assay, BioTrend, Cologne, Germany). Hematocrit was

determined via differential centrifugation and is expressed in v/v %. For blood

cell distribution, blood smears were stained with the May-Gruenwald stain

(Roth, Karlsruhe, Germany) and microscopically analyzed.

Kidney and heart inflammation and fibrosis
The degree of interstitial fibrosis was determined by evaluation of the Sirius

red–stained area, utilizing a point counting technique as described elsewhere.32

Glomerulosclerosis was evaluated in kidney sections stained with periodic

acid-Schiff ’s reagent. A score of 0–4, based on the sclerotic area of the

glomerulus, was used according to Raij et al.33 At least 50 glomeruli per

section were evaluated, and the glomerulosclerosis index is given as the mean

score per animal.

Gene expression
RNA was isolated using the RNeasy Mini Kit from Qiagen (Hilden, Germany)

according to the manufacturer’s instructions. Subsequently, the remaining

DNA was digested with DNase I. Reverse transcription was performed with

1mg RNA and random primers using qScript from Quanta Biosciences

(Gaithersburg, MD, USA) according to the manufacturer’s protocol. Addition-

ally, each sample was analyzed without reverse transcription. The signals

obtained without reverse transcription were negligible (o1%). Finally, real-

time amplification was performed with the Stratagene Mx3005P using the

Platinum SYBR Green kit (Invitrogen, Karlsruhe, Germany) according to

the manufacturer’s instructions. The primers used are given in Table 1.

Table 1 Primers used for qPCR

18S 5¢-GTTGGTGGAGCCGATTTGTCTGG-3¢ 5¢-AGGGCAGGGACTTAATCAACGC-3¢

TNF-a 5¢-CACACTCAGATCATCTTCTCAAAA-3¢ 5¢-GTAGACAAGGTACAACCCATCG-3¢

TGF-b 5¢-TTTGGAGCCTGGACACACAG-3¢ 5¢-TGGACAACTGCTCCACCTTG-3¢

MCP-1 5¢-AGGTCCCTGTCATGCTTCTG-3¢ 5¢-TCTGGACCCATTCCTTCTTG-3¢

PAI-1 5¢-GACACCCTCAGCATGTTCATC-3¢ 5¢-AGGGTTGCACTAAACATGTCAG-3¢

SPP-1 5¢-ATTTGCTTTTGCCTGTTTGG-3¢ 5¢-TGGCTATAGGATCTGGGTGC-3¢

CCL-5 5¢-CCCTCACCATCATCCTCACT-3¢ 5¢-TCCTTCGAGTGACAAACACG-3¢

Col4a1 5¢-ACAAAAGGGTGATGCTGGAG-3¢ 5¢-CTCCCTTTGTACCGTTGCAT-3¢

Col3a1 5¢-TGGTAGAAAGGACACAGAGGC-3¢ 5¢-TCCAACTTCACCCTTAGCACC-3¢

Col1a1 5¢-ACATGTTCAGCTTTGTGGACC-3¢ 5¢-TAGGCCATTGTGTATGCAGC-3¢

Fn-1 5¢-TTAAGCTCACATGCCAGTGC-3¢ 5¢-TCGTCATAGCACGTTGCTTC-3¢

Abbreviations: 18S, ribosomal 18S RNA; CCL-5, chemokine ligand-5; Col1a1, collagen I;
Col3a1, collagen III; Col4a1, collagen IV; Fn-1, fibronectin-1; MCP-1, monocyte
chemoattractant protein-1; PAI-1, plasminogen activator inhibitor-1; qPCR, quantitative PCR;
SPP-1, secreted phosphoprotein-1/osteopontin; TGF-b, transforming growth factor-b; TNF-a,
tumor necrosis factor-a.
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Quantitative PCR efficiency was 490%. All primers for genes of interest were

intron spanning and have been validated by reverse transcriptase PCR and gel

electrophoresis. Furthermore, the primers were validated by melting curve

analysis. The relative expression of the genes of interest was calculated

according to the 2�DDCt method first described in Applied Biosystems User

Bulletin no. 2 (P/N 4303859; http://www.3.appliedbiosystems.com/cms/groups/

mcb_support/documents/generaldocuments/cms_040980.pdf), using the 18S

signal for normalization. The mean of the values from WT animals was set

100% for each gene (¼control), and subsequently, all values for each gene were

expressed as % of control. Each sample was analyzed in triplicate. To calculate the

increase in mRNA expression, the value of each treated animal was compared with

the mean mRNA expression of the respective control group. All values are

expressed as fold induction with the respective standard error of the mean. The

‘expected additive effect’ was calculated by summing the mean increase in gene

expression upon aldo/NaCl treatment in WT animals and the mean expression

level of the appropriate gene in Tg-untreated animals. A common pathway was

assumed if the effects of the transgene and the treatment were not additive.

Analysis of data
A two-way analysis of variance, followed by a Bonferroni correction, was used

to test the significance of differences between groups. A P-value o0.05 was

considered significant. The procedures were carried out using SPSS18 software

(IBM Corporation, Somers, NY, USA). Values are displayed as mean±standard

error of the mean.

RESULTS

Basic physiological parameters and systolic blood pressure
As shown in Table 2, BW, tibia length and leukocyte distribution were
not significantly different in any of the groups. Furthermore, no
remarkable differences in blood glucose concentration or hematocrit
were observed.
Systolic blood pressure, as measured with the pulse-based tail-cuff

technique, was not significantly different among the four groups (Fig-
ure 1). In WT animals, the aldo/NaCl treatment slightly increased the
systolic blood pressure. Nevertheless, plasma aldo levels were significantly
higher in aldo-treated animals (see Methods), demonstrating the success-
ful delivery of aldo. These data indicate that the aldo/NaCl-induced
effects in our study do not result from changes in blood pressure.

Organ weights
In WTanimals, aldo/NaCl led to the expected increase in kidney, heart
and left ventricular weight adjusted to tibia length (Table 3). Under
control conditions, organ weight in Tg animals was not different from
WT animals. In Tg animals, aldo/NaCl induced a significant increase
in kidney weight but not in heart weight normalized to tibia length

(Table 3). Thus, macroscopically, the heart but not the kidney is
protected when T cell TGF-b-RII is knocked down.

Interstitial fibrosis
To further elucidate the mechanisms underlying the differences in
organ weights, the percentage of Sirius red-stained area per field was
evaluated. In the kidneys of WT animals, the accumulation of
extracellular matrix proteins on aldo/NaCl treatment was significantly
elevated (1.5-fold, Table 3). In Tg mice, the amount of renal extra-
cellular matrix was elevated under control (1.7-fold) conditions
compared with WT controls and did not increase further during
aldo/NaCl treatment. The relatively high values for Sirius red staining
can be explained by the age of the animals (6–7 months). The
glomerular injury score, assessed according to Raij et al.,33 was not
significantly different among the four groups.
In the hearts of WT animals, the Sirius red-stained interstitial area

increased on aldo/NaCl treatment (2.5-fold, Table 3). Under control
conditions, the hearts of Tg animals showed a marked increase of
Sirius red-stained area (3.2-fold) that did not increase further during
aldo/NaCl treatment (Figure 2).
Thus, the effects of aldo/NaCl and TGF-b-RII knockdown were not

additive, indicating a common pathway.

Proteinuria and blood urea
To obtain a basic overview with respect to kidney function, sponta-
neous urine was collected on the day of killing and normalized to
urinary creatinine. In WT animals, urinary protein content increased
slightly on aldo/NaCl treatment (Table 3). In Tg animals, protein
excretion was elevated under control conditions and showed a trend
for further increase during aldo/NaCl treatment (Table 3, Figure 3).
To distinguish between glomerular and tubular protein loss, we
separated urinary proteins by SDS-polyacrylamide gel electrophoresis
and stained the gel with silver according to Blum et al.34 Proteins
ranging in mass from 20 to 130 kDa were detected (Figure 3),
indicating a mild, combined tubulo-glomerular proteinuria. The
plasma urea content did not significantly differ among the four
experimental groups (Table 3). These data suggest a mild tubulo-
interstitial damage without significant excretory restriction. Again, the
effects of aldo/NaCl and dominant-negative TGF-b-RII were not
additive, indicating a common pathway.

Effects on mRNA expression in kidney and heart
Finally, we investigated the mRNA expression of several genes reported
to be relevant in aldo/NaCl-induced renal and cardiac injury. Aldo/

Table 2 Summary of basic parameters from the four experimental groups

WT/con Tg/con WT/aldo Tg/aldo Significance (Po0.05)

Body weight at day 0 (g) 27.0±0.4 28.0±0.6 26.0±0.5 26.0±0.8

Body weight at day 28 (g) 27.6±0.4 28.7±0.6 28.3±0.6 27.2±0.7

Tibia length (mm) 18.2±0.1 18.3±0.1 18.0±0.1 18.2±0.1

Hematocrit (%) 39.4±1.7 38.9±0.9 42.1±1.0 41.5±0.8 Tg/aldo vs. Tg/con

Blood glucose (mgdl�1) 142±3 179±10 161±14 165±6 Tg/con vs. WT/con

Neutrophils (%) 13.8±2.0 17.3±2.3 20.3±3.1 20.6±3.7

Eosinophils (%) 0.0±0.0 0.0±0.0 0.0±0.0 0.0±0.0

Basophils (%) 0.0±0.0 0.0±0.0 0.2±0.2 0.0±0.0

Monocytes (%) 2.0±1.0 4.2±0.6 3.7±0.9 2.8±0.6

Lymphocytes (%) 84.3±2.8 78.4±2.5 75.8±2.9 76.6±4.0

Abbreviations: aldo, aldosterone; con, control; Tg, transgenic; WT, wild type.
N¼4–6 animals per group.

MR–TGF-b interaction
B Schreier et al

625

Hypertension Research

http://www.3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
http://www.3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf


NaCl treatment induced a similar increase of TGF-b mRNA in
the heart and the kidneys of WT animals (2.1±0.5-fold,
Po0.05). As shown in Table 4, aldo/NaCl enhanced the expression
of fibronectin-1 (Fn-1), collagen I (Col1a1), collagen III (Col3a1)
and collagen IV (Col4a1) in WT animals, indicating the stimulation
of extracellular matrix generation. These data are consistent with
the Sirius red data (Table 3). In Tg mice, Fn-1 and Col1a1 mRNA
expression was enhanced under control conditions, indicating
stimulated matrix synthesis. Aldo/NaCl treatment in Tg animals
significantly elevated Col1a1 and Col4a1 mRNA levels and showed
a trend toward increased Col3a1 mRNA expression but did not
affect Fn-1, indicating a partial protective effect. Major changes in
proinflammatory gene expression were not observed (Table 4). In
contrast to the changes in renal gene expression, cardiac monocyte
chemoattractant protein-1, tumor necrosis factor-a and plasminogen
activator inhibitor-1 mRNA abundance increased on aldo/NaCl expo-
sure in WT but not Tg animals (Table 5), indicating a primary
inflammatory response that may depend on aldo-TGF-b-T-cell
cross-talk. Cardiac profibrotic gene expression showed only minor
changes (Table 5).

DISCUSSION

Background
TGF-b is known to be involved in aldo/NaCl-induced damage of renal
and cardiac tissue, although the precise mechanism is not completely
understood. TGF-b has the ability to inhibit T cell function and
therefore reduce inflammatory events. However, TGF-b has also been
shown to induce Th17 polarization of CD4+ T cells, mediating
inflammatory events. Thus, TGF-b may also exert proinflammatory
actions.35 Furthermore, it has been demonstrated that aldo induces

Table 3 Summary of organ weight and urinary protein/creatinine ratio

WT/con Tg/con WT/aldo Tg/aldo Significance (Po0.05)

Renal weight/tibia length 27.4±0.7 27.3±1.0 33.0±1.8 30.7±0.6 (1) WT/aldo vs. WT/con

(2) Tg/aldo vs. Tg/con

Heart weight/tibia length 7.9±0.2 7.8±0.4 9.3±0.4 8.2±0.3 WT/aldo vs. WT/con

Left ventricle weight/tibia length 5.5±0.1 5.3±0.2 6.5±0.4 5.7±0.3 WT/aldo vs. WT/con

Glomerluar injury score 1.5±0.1 1.6±0.2 1.5±0.1 1.7±0.1

Urinary protein/creatinine (mg mg�1) 0.6±0.1 2.4±0.5 1.2±0.2 4.2±0.8 (1) WT/aldo vs. WT/con

(2) Tg/con vs. WT/con

Plasma Urea concentration (mg dl�1) 35.2±1.4 44.6±10.9 28.8±2.4 32.4±0.3

Abbreviations: aldo, aldosterone; con, control; Tg, transgenic; WT, wild type.
N¼4–6 animals per group.

Figure 1 Effect of aldosterone/NaCl treatment on systolic blood pressure in

wild-type (WT) and hCD2-DkTbRII (transgenic, Tg) mice measured via a tail
cuff. No significant increase in blood pressure was detected among the four

groups (N¼4–6 animals per group).

Figure 2 Representative pictures of Sirius red-stained sections of renal

fibrosis (magnification �40) from (a) wild-type (WT), control, (b) transgenic

(Tg), control, (c) WT, WT/NaCl and (d) Tg, aldosterone (aldo)/NaCl animals

treated with aldo/NaCl. Change in Sirius red-stained area in kidneys (e) and

hearts (f) among the four groups. A full color version of this figure is

available at the Hypertension Research journal online.
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Th17 polarization via enhanced TGF-b secretion.12 In the present
study, we investigated whether the TGF-b responsiveness of T cells
affects the aldo/NaCl-induced alterations of renal and cardiac tissue
homeostasis, and, if so, whether TGF-b signaling promotes or antag-
onizes this effect. We addressed this question using a mouse model
overexpressing a truncated TGF-b type II receptor in T cells, rendering
the cells non-responsive to TGF-b. All observed effects were indepen-
dent of changes in blood pressure.

Tg phenotype
In Tg animals under control conditions, the basic parameters were not
different from WT animals, except for a slight but significant increase
in blood glucose. As the blood glucose concentration was measured in
non-starving animals and the detected amount was still in the
physiological range known for this mouse strain, no further investiga-
tions were made.
Not unexpectedly, Tg animals showed enhanced interstitial fibrosis

(Sirius red staining) under control conditions, most probably because
of the absence of the tonic inhibitory action of TGF-b on T cells.
Organ weights were not significantly affected by the genotype. These
findings are in agreement with the data obtained by quantitative PCR,
which demonstrated an increase in FN-1, Col1a1 and chemokine
ligand-5 (CCL-5) mRNA in the kidney.

Basic physiological parameters and systolic blood pressure. In contrast
to our study, the majority of studies of aldo/NaCl-induced end-organ
damage have used C57BL/6 mice and performed a subtotal nephrect-
omy. We decided to perform the experiments without artificially
reducing renal function. Thus, the difference in the genetic back-
ground and the avoided nephrectomy may account for the lack of a
hypertensive effect of aldo/NaCl. There is growing evidence that the
genetic background of mice is important for the development and
progression of hypertension,36–38 whereas reno-cardiovascular fibrosis,
for example, in the DOC/salt model, is not necessarily secondary to

Figure 3 A representative SDS-polyacrylamide gel electrophoresis of urinary

proteins in mice. Urine samples of each animal were normalized for

creatinine and separated on 12% gels. Proteins were visualized by silver

staining (N¼4–6 animals per group). See Table 3 for quantitative

information about urinary protein content.

Table 4 Summary of renal mRNA expression

Gene WT/con Tg/con WT/aldo Tg/aldo Expected additive effect Significance (Po 0.05)

Extracellular matrix

Fn-1 1.0±0.4 3.1±0.7 10.7±4.2 3.9±1.2 12.8 (1) WT/aldo vs. WT/con

(2) Tg/con vs. WT/con

Col1a1 1.0±0.2 1.9±0.3 7.7±2.8 6.7±2.4 8.6 (1) WT/aldo vs. WT/con

(2) Tg/aldo vs. Tg/con

(3) Tg/con vs. WT/con

Col3a1 1.0±0.3 2.0±0.4 3.1±0.8 4.2±1.1 4.1 (1) WT/aldo vs. WT/con

(2) Tg/aldo vs. Tg/con

Col4a1 1.0±0.3 1.6±0.3 3.3±0.9 3.1±0.4 3.9 (1) WT/aldo vs. WT/con

(2) Tg/aldo vs. Tg/con

PAI-1 1.0±0.3 1.2±0.3 1.8±0.4 1.1±0.2 2.0

Proinflammation

CCL-5 1.0±0.2 10.6±2.8 2.8±0.5 4.2±1.3 12.2 Tg/con vs. WT/con

MCP-1 1.0±0.2 2.3±0.6 2.4±0.6 1.8±0.1 3.7

SPP-1 1.0±0.1 1.1±0.3 1.7±0.4 1.5±0.1 1.8

TNF-a 1.0±0.4 3.0±0.8 3.8±1.6 1.9±0.6 5.8

Abbreviations: aldo, aldosterone; CCL-5, chemokine ligand-5; Col1a1, collagen I; Col3a1, collagen III; Col4a1, collagen IV; con, control; Fn-1, fibronectin-1; MCP-1, monocyte chemoattractant
protein-1; PAI-1, plasminogen activator inhibitor-1; SPP-1, secreted-phosphoprotein-1/osteopontin; Tg, transgenic; TNF-a, tumor necrosis factor-a; WT, wild type.
N¼4–6 animals per group.
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hypertension. In addition, the protective effect of spironolactone for
renal function was not related to decreased blood pressure and instead
was related to an amelioration of the inflammatory status. Similar
findings were reported by Fiebeler et al.39 in a Tg rat model of
hypertension We are aware of the fact that measurement of blood
pressure via tail cuff is not as precise as telemetry. However, because
we decided to minimize additional treatment, this approach appeared
to be the appropriate method.
Interestingly, hematocrit was increased in Tg animals treated with

aldo/NaCl. But, as the hematocrit is still in the physiological range
known for this strain, no further investigations were made.

Organ weight and fibrosis
Aldo/NaCl treatment increased renal weight in WT and Tg animals,
whereas interstitial matrix deposition increased only in WT animals.
These data show (i) that aldo/NaCl might damage renal tissue
independently of high blood pressure or antecedent reduction in
renal mass and that (ii) the effect on renal mass seems to be
independent of TGF-b-T-cell communication. Furthermore, the pro-
fibrotic effect of impaired TGF-b communication was not additive to
the aldo/NaCl effect, indicating a possible common pathway. In
contrast to the kidney, cardiac hypertrophy appears to depend on
intact TGF-b signaling, although the profibrotic effect of impaired
TGF-b communication was again not additive with the aldo/NaCl
effect. Thus, under control conditions, TGF-bmight prevent renal and
cardiac fibrosis via interaction with T cells. This interaction is also
required for the profibrotic action of aldo/NaCl.

Renal and cardiac gene expression
In agreement with the histological findings, aldo/NaCl treatment and
impaired TGF-b-T-cell communication each enhanced collagen
expression, whereas their effects were not additive (Table 4). Of
note, renal Fn-1 mRNA expression was affected differentially in two
genotypes, and TGF-b-T-cell communication appeared to be required
for Fn-1 induction in the kidney. Surprisingly, CCL-5 expression was
highest in the kidneys of Tg control animals. Cardiac gene expression
showed a different response pattern, with plasminogen activator
inhibitor-1 induction depending on TGF-b-T-cell communication.
Plasminogen activator inhibitor-1 is known to, in part, mediate the
profibrotic effects of aldo/NaCl.22 Thus, TGF-b-T-cell communication
is required for certain, but not for all, aldo/NaCl-induced pathological

changes in gene expression. However, the relative importance of this
pathway seems to be organ specific.

Role of TGF-b in aldo/NaCl-induced organ damage
The data presented here do not form a conclusive picture of the precise
role of TGF-b-T-cell cross-talk during aldo/NaCl-induced organ
damage because they are phenomenological in nature and require
further in-depth analysis. However, some conclusions can be drawn.
First, impaired TGF-b responsiveness of T cells appears to exert a slight
profibrotic effect, most probably due to immune cell disinhibition.
These data are in line with the findings that mice Tg for the dominant-
negative TGF-b-RII show enhanced lymphocyte infiltration and ‘spon-
taneous’ T cell activation,26 with a shift to a Th1 phenotype in the strain
used in this study.28–30 In addition, TGF-b is required for the main-
tenance of normal T-cell quiescence.26 Second, in the context of aldo/
NaCl, impaired TGF-b responsiveness does not lead to an exacerbation
of the pathological changes. Thus, TGF-b does not serve as a negative
feedback regulator. Third, impaired TGF-b responsiveness exerted a
partial protective effect, indicating that TGF-b, in the context of aldo/
NaCl, acts in part via a stimulatory modulation of the immune system
and not directly on organ tissue. Cardiac hypertrophy was abolished in
Tg animals, an effect that might be partially explained by diminished
aldo/NaCl-induced matrix synthesis. Kidneys were less well protected,
considering protein excretion and weight. These parameters were clearly
independent of T cell TGF-b responsiveness. However, in the kidney,
Fn-1 induction was reduced in Tg animals, and the effects on collagen
were at least not additive. Thus, some pathological events within the
kidney may depend on T cell TGF-b responsiveness.
In future studies analyzing the underlying mechanisms of aldo/TGF-

b/T cell interaction, blood pressure should be examined via telemetry,
and urine composition should be evaluated using metabolic cages.

Possible mechanisms
At present, we can only speculate on the detailed mechanisms under-
lying the cross-talk between aldosterone, TGF-b and T cells. It has
been shown that 30% of T cells at sites of aortic fibrosis in mice
treated with aldo/NaCl are CD4 and CD8 negative, although they are
a/b positive.17 Such a/b-positive T cells are proinflammatory and
produce interleukin-17, a potent proinflammatory cytokine involved
in autoimmune disorders.17,40 The recruitment of these T cells to the
place of fibrosis and their polarization to Th17 was induced, in part,

Table 5 Summary of cardiac mRNA expression

Gene WT/con Tg/con WT/aldo Tg/aldo Expected additive effect Significance (Po 0.05)

Extracellular matrix

Fn-1 1.0±0.5 0.2±0.0 0.9±0.4 1.4±0.6 0.1

Col1a1 1.0±0.3 0.4±0.1 1.7±0.6 1.6±0.7 1.1

Col3a1 1.0±0.4 0.4±0.2 0.9±0.3 0.9±0.4 0.3

Col4a1 1.0±0.4 0.3±0.0 1.1±0.2 1.1±0.3 0.4

PAI-1 1.0±0.2 1.1±0.2 2.0±0.4 0.7±0.2 2.1 WT/aldo vs. WT/con

Proinflammation

CCL-5 1.0±0.4 0.4±0.1 2.8±1.1 2.0±1.3 2.2

MCP-1 1.0±0.2 1.8±0.6 3.2±0.9 2.7±1.1 4.0 WT/aldo vs. WT/con

SPP-1 1.0±0.5 0.8±0.2 2.8±1.4 1.9±0.8 2.6

TNF-a 1.0±0.1 1.2±0.2 1.8±0.2 2.0±0.6 2.0 WT/aldo vs. WT/con

Abbreviations: aldo, aldosterone; CCL-5, chemokine ligand-5; Col1a1, collagen I; Col3a1, collagen III; Col4a1, collagen IV; con, control; Fn-1, fibronectin-1; MCP-1, monocyte chemoattractant
protein-1; PAI-1, plasminogen activator inhibitor-1; SPP-1, secreted phosphoprotein-1/osteopontin; Tg, transgenic; TNF-a, tumor necrosis factor-a; WT, wild type.
N¼4–6 animals per group.
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by TGF-b derived from dendritic cells because T cells do not express
the MR.12 Th17 polarization makes TGF-b a stimulatory cytokine for
T cells. If these events also occurred in our model, then they would
explain the function of TGF-b as a partial mediator of aldo/NaCl-
induced tissue damage. Future, in-depth analysis is now required to
unveil the cellular and molecular mechanisms of renal and cardiac
fibrosis modulated by aldo via T cells further.
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