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Abstract

Although human association studies suggest a link between polymorphisms in the gene encoding
transforming growth factor (TGF) 1 and differing blood pressure levels, a causative mechanism
for this correlation remains elusive. Recently we have generated a series of mice with graded
expression of TGFB1, ranging from approximately 10% to 300% compared to normal. We have
found that blood pressure and plasma volume are negatively regulated by TGFB1. Of note, the
10% hypomorph exhibits primary aldosteronism and markedly impaired urinary excretion of water
and electrolytes. We here review previous literature highlighting the importance of TGFp signaling
as a natriuretic system, which we postulate is a causative mechanism explaining how
polymorphisms in TGFB1 could influence blood pressure levels.
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INTRODUCTION

Transforming growth factor B1 (TGFp1) is a pleiotropic cytokine, that is ubiquitously
expressed in most tissues with a wide range of biological functions including senescence [1],
cell proliferation [2], apoptosis [3], tumor suppression [2], differentiation [4], migration [5],
immunity [6], osteogenesis [7], adipogenesis [8], and wound healing [9].

TGFp1 plays a causative role in the development of cardiovascular-renal complications in
many pathophysiological conditions [10]. Patients with chronic diseases, including
hypertension, diabetes mellitus and hypercholesterolemia, develop end organ damage (e.g.
cardiac dysfunction, arteriosclerosis and chronic renal failure) that substantially affects
morbidity and mortality. Prior studies show that TGF1 is an important cause of fibrosis [11,
12], extracellular matrix accumulation [13] and epithelial/endothelial-mesenchymal
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transformation [14, 15], all of which are pathogenic in the development of end organ
damage.

TGFp1 is induced by components of the renin-angiotensin-aldosterone system (RAAS), and
the RAAS plays an important role in the regulation of blood pressure. It is well established
that blocking RAAS is effective in treating cardiovascular and renal complications that
develop as a result of hypertension and diabetes mellitus [15-20]. Although induction of
TGFB1 by components of RAAS mediates many of the hypertrophic and fibrogenic changes
leading to cardiovascular-renal complications, it is still controversial as to whether TGF1
can be a direct target to prevent such complications. Indeed, whether TGFB1 plays a role in
the regulation of blood pressure independent of RAAS is not clearly demonstrated yet.
However, we will review recent data that suggest TGFB1 may have an integral role in blood
pressure regulation.

Previously, TGFB1 was shown to profoundly suppress adrenal production of corticosteroids
[21-23]. Recently, a set of C57BL/6 mice having 5 different levels of TgfbZ mRNA
expression, corresponding to ~10 %, ~60 %, 100 %, ~200 %, and ~300% of normal, have
been generated by genetically modifying the 3’ untranslated regions (UTR) of the mRNA.
Analysis of these mice showed that blood pressure is negatively regulated by TGFB1 [24]. It
is noteworthy that the mice with ~10 % wild type (WT) Tgfb1 expression exhibit impaired
diuresis and natriuresis and primary aldosteronism, resulting in plasma volume expansion
and hypertension [24].

These /n vivo findings demonstrate that TGFB1 directly suppresses the adrenocortical
synthesis of mineralocorticoids and interferes with their activation of renal tubular sodium
reabsorption, suggesting that TGFB1 is critically maintaining sodium and water homeostasis
and controlling blood pressure. Here we review recent findings, focusing on the role of
TGFB1 in regulation of fluid homeostasis and blood pressure.

TGFB SIGNALING

The TGFp superfamily, consisting of more than 30 members, contains two subgroups; the
TGFp-like subgroup includes TGFps, Nodals, activins, as well as several growth factors, and
the Bone Morphogenetic Protein (BMP)-like subgroup includes BMPs and anti-Muellerian
hormone. TGFf family proteins are encoded as large precursors containing a short secretory
signal at the N-terminus, followed by a relatively large pro-peptide region that is cleaved to
form the latency associated peptide (LAP), and a C-terminus encoding the mature protein.
These genes are synthesized as inactive homodimeric precursors, from which the dimeric
mature protein is cleaved. TGFB1, the focus of this review, is one of three isoforms (TGFf1,
TGFp2, and TGFB3) of TGFP. It is synthesized by virtually all cell types and secreted as an
inactive precursor consisting of TGFB1 and its cleaved but still bound latency associated
peptide (LAP) [25, 26]. This “small latent complex” and latent TGFJ binding proteins
(LTBP) bind and form the “large latent complex”. LTBP and LAP are enzymatically cleaved
by plasmin, thrombospondin, matrix metalloproteinases (MMP) 2 and 9, reactive oxygen
species, and two members of the integlin family avf6 and avp8 [27], to activate TGFp.
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TGFp signaling of TGF family members are transmitted v/a transmembrane complexes
consisting of type I and type Il receptors. To date, they have identified seven type | receptors
and five type Il receptors. One layer of specificity in the TGFf signaling is achieved by the
ability of different ligands to bind to different combinations of type | and type Il receptors.
The signal transduction of TGFps involves TGFp type | receptor (TBRI) and TGFp type Il
receptor (TBRII). Access to these receptors can be regulated by type 111 accessory receptors
including endoglin and betaglycan. TGFp type 111 receptors are not involved directly in
TGFp signal transduction but are thought to bind and retain TGFp and facilitate delivery to
TGFp receptors.

Activation of the TGFp signaling pathway begins with TGFf binding to the TPRII dimer,
this is in turn recruits a TBRI dimer, which forms a hetero-tetrameric complex with the
ligand [28]. The serine/threonine kinase domains of the TBRII phosphorylate and
subsequently activate the TPRI [27, 29]. Activation of TBRI leads to signal propagation by at
least two routes: the SMAD-independent non-canonical pathways and the SMAD-dependent
canonical pathway.

In the SMAD-dependent pathway, activation of TPRI facilitates phosphorylation of receptor
regulated SMAD proteins (R-SMAD), such as SMAD2 and SMAD3. Upon phosphorylation
by TBRI, R-SMADs obtain a high affinity for a co-SMAD (e.g. SMAD4) and form a
complex. This R-SMAD/co-SMAD complex translocates to the nucleus, associates with
other transcription factors, and regulates transcriptional responses.

In the non-canonical pathways, the signal from the activated TGFf3 receptor complex is
transmitted via other factors, including phosphoinositide 3-kinase (P13K), p38 mitogen-
activated protein kinase (MAPK), tumor necrosis factor (TNF) receptor-associated factor 4
(TRAF4), TRAF6, TGFp-activated kinase 1 (TAK1/MAP3K?7), Rho, Akt/protein kinase B,
extracellular signal-regulated kinase (ERK), nuclear factor-xB (NF-kB), or c-jun N-terminal
kinase (JNK) [27, 29, 30].

In addition to the complexity of canonical and non-canonical TGF signaling pathway, other
signaling pathways, such as the Hedgehog, Wnt, Notch, Ras and interferon pathways, can
influence TGFf signaling.

HYPERTENSION AND TGFB

A study at a U.S. outpatient clinic found that both African-American and Caucasian patients
with hypertension have higher serum TGFp1 levels than their respective normotensive
controls [31]. In African-Americans, hypertension-associated end-stage renal disease is
more frequent [32] and serum TGF{1 levels are higher than in Caucasian hypertensive
patients [31]. In addition, the allele encoding proline at codon 10 of TGFB1 was more
frequent in blacks compared with whites [31]. Higher steady-state levels of TGFp1 mRNA
also correlated with hypertension, though no direct causal effect has been proven [31].
Likewise, the serum concentration of TGFf1 was higher in hypertensive patients with
microalbuminuria and left ventricular hypertrophy than in patients without cardiorenal
damage [33]. These results suggest that there is a correlation among serum TGFp1 levels,
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polymorphisms for the TGFB1 gene, and the severity of both hypertension as well as
resultant hypertensive organ damage.

The 915C single nucleotide polymorphism (SNP) in human 7GFBI, leading to proline at
residue 25 within the signal peptide sequence, is associated with reduced risk of
hypertension in both a U.S. and a European population [34, 35]. The 869C polymorphism,
resulting in proline at residue 10 within the signal peptide sequence, is also associated with
an increased risk of hypertension in an Asian population [36, 37]. Whether or not and how
the polymorphisms affect blood pressure have not been elucidated.

In animal studies, the pan-TGFp neutralizing antibody against TGFB1, TGFB2 and TGFB3
(1D11) attenuates hypertension in a rat model of hypertensive chronic kidney disease due to
renal mass reduction [38]. Emilinl, which is a secreted glycoprotein associated with the
extracellular matrix of blood vessels, regulates TGFf availability [39]. Emilinl binds only
immature pro-TGFp and prevents its maturation by the protein convertase furin. Therefore,
lack of Emilinl facilitates conversion of pro-TGFp to the mature TGFp, leading to a
subsequent increase in TGFp signaling (Fig. 1). Emilinl knockout mice display increased
TGFp signaling in the vessel wall as well as arterial hypertension. These Emilinl knockout
mice have a reduction in the blood vessel diameter, which leads to increased peripheral
vascular resistance and elevated blood pressure [39]. Hypertension was rescued to normal
levels upon inactivation of a single 7gfb1 allele in Emilinl knockout mice [39]. This study
highlights the importance of modulation in TGFp availability in the pathogenesis of
hypertension by alteration of peripheral vascular resistance.

In addition, Badri et a/. have reported that P311-null (P3117/") mice are markedly
hypotensive with accompanying defects in vascular tone and contractility of vascular smooth
muscle cells [40]. Functional abnormalities in P311~/~ mice resulted from decreased total
and active levels of TGFB1, TGFB2, and TGF3 that arose as a specific consequence of
decreased translation. In contrast, P311-transgenic mice had elevated levels of TGFp1-3 and
subsequent hypertension.

On the other hand, Venkatesha et al. have reported that excess concentration of circulating
soluble endoglin (SEng) contributes to the pathogenesis of preeclampsia, which is a
pregnancy-specific hypertensive syndrome [41]. SEng impairs binding of TGFf1 to its co-
receptor endoglin, therefore their results suggest decreased TGFf signaling acts to induce
elevated blood pressure in preeclampsia.

Mice have been generated that completely lack TGFB1 [42, 43], but their death from severe
inflammatory disease around weaning precludes blood pressure measurements. Furthermore,
maternal sources of TGFB1 wv/athe placenta and milk contribute to the normal appearance
and perinatal survival of TGFB1-null mice [44], suggesting that interpretation of the
experimental results obtained from TGFB1-null embryos and litters could be complicated.
The inflammatory disease and early death can be circumvented if the mice also lack
functional T and B cells as a result of inactivation of the recombination activating gene,
Ragl [45]. Unfortunately, lack of Ragl blunts the hypertensive response to angiotensin Il
and deoxycorticosterone acetate, disturbing blood pressure regulation [46].
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Given the contradictory results of the above studies looking at indirect alterations of TGFj
signaling and blood pressure, we developed a mouse model to study TGFp signaling directly
and its affect on blood pressure regulation. Since the nullizygote for TGFB1 develops
systemic inflammation and dies by 3 to 4 weeks of age [42, 43], we applied the strategy of
replacing the 3’UTR of TGFB1 gene into either the unstable Fos gene 3’UTR or the stable
bovine growth hormone 3’UTR using gene targeting procedure [47]. Modifying the 3’'UTR
to change the expression of genes of interest in mice is based on the fact that the 3’UTR
regulates the half-life of MRNAs [48], thus one can modify expression levels with no
changes in the transcription and the structure of the gene product. Via this method we
generated mice expressing TGFB1 mRNA at levels of 10 + 7 % (L/L), 62 £ 6 % (L/+), 182
+7 % (H/+) and 293 + 7 % (H/H) WT mice, which likely covers the range of variation seen
in the general human population due to its polymorphisms [24]. In contrast to the finding in
the TGFB1-null mice, no fatal infiltration of inflammatory cells was observed in any tissues
studied of the TGFB1 L/L mice.

The TGFpB1 L/L mice had a markedly higher systolic blood pressure than WT on a normal
chow (0.29 % [w/w] sodium chloride), whether measured by the tail-cuff method (138

+ 3mmHg vs. 106 + 3 mmHg; p < 107°) or by telemetry (146 + 3 mmHg vs. WT 120 + 2
mmHg; p < 107°). Hypertension in TGFB1 L/L mice is associated with an increased plasma
volume of approximately 50 % above WT. In the reverse direction, TGFS1 H/H mice have a
decreased plasma volume of approximately 50 % below WT, though their blood pressure is
not significantly different from that of WT [24]. Notably, urine volume, osmolarity, sodium,
chloride and potassium of TGFB1 L/L mice were markedly less than normal, despite no
significant difference in glomerular filtration rate or plasma creatinine compared with WT.
These results suggest that TGFB1 physiologically suppresses renal tubular sodium
reabsorption and enhances urinary sodium excretion.

Indeed, TGFp1 is expressed in all nephron segments in the kidney [49] and all tubular
segments express Smad proteins (pSmad2 and Smad2, 3, and 4), the intermediates of the
canonical TGFp signaling [50], suggesting that TGFp signaling is involved in all segments
of the nephron.

Our findings demonstrate that in a mouse model with direct alteration of TGFf signaling,
elevated levels of TGFp1 do not lead to hypertension, and in fact TGFB1 insufficiency leads
to hypertension. In this model, the hypertension associated with TGFB1 insufficiency
appears to be due sodium and water retention. Mice with increased TGFf signaling develop
volume contraction and have reduced salt and water retention.

HYPERTENSION AND SODIUM INTAKE

Humans have lived with a minimal sodium intake for several million years because of its
low presence in natural foods. Sodium is one of the most essential minerals in mammalian
physiology, particularly, to maintain extracellular fluid homeostasis. Therefore,
physiological mechanisms to retain sodium in the body have been developed early in human
evolution. One of the most important mechanisms for sodium retention is the RAAS, which
is maximally activated in people with minimal sodium intake. The RAAS oversees the
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functions of cardiovascular system, renal system, and adrenal glands by regulating blood
pressure, fluid volume, and sodium and potassium balance [51]. However, human diet has
drastically and rapidly altered in recent years. The amount of sodium intake has been
elevated by increased consumption of manufactured foods having high sodium content.
Yanomamo Indians, an unacculturated native tribe in the Amazon rain forest, have little
access to salt, alcohol, refined sugar, or dairy products. The Yanomamo have no
hypertension and no increase in blood pressure by aging. Their average urinary sodium was
0.9 mmol/day and their blood pressure was 96.0/60.6 mmHg [52-54]. In contrast, in
developed countries where hypertension is widespread, people consume about 100 times
more sodium than its minimum requirement. These findings suggest that prevention of
sodium loss which has conferred a survival advantage in ancient years now results in chronic
hypertension on excessive dietary sodium. Hypertension serves as a major cause of chronic
cardiovascular disease resulting in significant mortality and morbidity.

According to the Guyton hypothesis, renal salt handling mechanisms critically determines
the control of the steady-state blood pressure on a long-term basis [55]. Guyton revealed that
impaired renal excretory function of sodium in patients with salt-sensitive hypertension
leads to an elevated blood pressure [56]. Many studies indicate that blood pressure response
to sodium intake varies among individuals and that the degree of these responses can be
grouped into categories of either salt sensitive or salt resistant. However, a consistent
definition and precise mechanism of salt sensitivity have not yet been determined [57-59].
Recent studies suggest that nuclear mineralocorticoid and glucocorticoid receptors at
different tubular segments increase sodium reabsorption and impair renal excretory function
which results in salt sensitive hypertension.

In summary, excessive dietary sodium intake is essential for the development of
hypertension. Since a sodium-deficient diet (~ 0.01 % [w/w]) almost completely abolished
the hypertension seen in TGFf1 L/L mice (unpublished observation), the hypertension in the
L/L mice is considered to be salt sensitive in a broad sense. However, L/L mice developed
hypertension on normal chow, when sodium intake was not different from that of WT,
suggesting that sodium retention caused by enhanced tubular reabsorption due to genetic
insufficiency of TGFp signaling is important for the development of hypertension. TGFf1
signaling plays a significant role in differential renal handling of sodium and water and thus
could be a mechanism accounting for salt sensitivity and salt resistance.

HYPERTENSION AND SODIUM TRANSPORT IN THE KIDNEY

Each human kidney contains approximately 1 million nephrons. Each individual nephron,
the renal functional unit, is composed of a single glomerulus, proximal convoluted tubule
(PCT), proximal straight tubule (PST), loop of Henle, distal convoluted tubule (DCT), and a
connecting tubule (CNT). In humans, roughly 180 L of fluid is filtered in the glomerulus per
day. Of the glomerular filtrate approximately 99 % is reabsorbed, leaving 1.8 L per day to be
excreted as urine. Around 60% of this reabsorption will take place in the proximal tubule,
and 30% in the loop of Henle; the remaining 10% being absorbed in the DCT, CNT, and the
collecting duct (CD). The distal nephron (DCT, CNT and CD) performs the final

reabsoption of solute and water, which is mainly controlled by hormones such as vasopressin

Curr Hypertens Rev. Author manuscript; available in PMC 2016 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsuki et al.

Page 7

and aldosterone. The regulated reabsorption of filtered sodium by the distal tubules is
important for control of blood pressure and extracellular fluid volume [57].

The Na*/K*-ATPase on the basolateral surface of tubular cells transfers sodium ions from
the cytoplasm into the peritubular vessel, generating a concentration gradient of sodium
between the urinary space and tubular cells. The sodium gradient created between tubular
cells and the urinary space is the major driving force of sodium reabsorption. However, the
actual velocity of sodium transport depends on the functional expression and opening rate of
sodium channels on the surface of tubular cells (Table 1). In the proximal tubule these
sodium channels include the sodium-hydrogen exchanger (NHE1~4/SLC9A1~4), sodium/
glucose co-transporter (SGLT2/SLC5A2 in PCT and SGLT1/ SLC5A1 in PST), sodium/
phosphate co-transporter (NPT2a/ SLC34A1, NPT2¢/SLC34A3, NPT1/ SLC17A1), sodium/
bicarbonate co-transporter (NBCel-A/SLC4A4), sodium/ iodide co-transporter (NIS/
SLC5AD5), sodium/monocarboxylate co-transporter (SMCT1/SLC5A8, SMCT2/SLC5A12),
sodium/ sulfate co-transporter (NaS1/SLC13A1), sodium/multivitamine co-transporter
(SMVT/SLC5AG), as well as other sodium-dependent co-transporters. The Na*/K*/2CI~ co-
transporter 2 (NKCC2/SLC12A1) is furosemide-sensitive and expressed in the thick
ascending limb of Henle’s loop (TAL), while the thiazide-sensitive Na*/CI~ co-transporter
(NCC/SLC12A3) is expressed in the DCT. Aldosterone-sensitive distal nephron (ASDN)
including late DCT2, CNT, and CD in the kidney performs the final reabsorption of sodium
[60, 61], where the activity of epithelial Na* channel (ENaC/SCNNL1) is regulated by
mineralocorticoids, angiotensin I, vasopressin, bradykinin, insulin/insulin-like growth
factor, nitric oxide, adenosine triphosphate, prostaglandin E2, peroxisome proliferator-
activated receptor y and other hormonal or nonhormonal factors [62—-69]. Despite the fact
that the ASDN reabsorbs less than 10% of the filtered Na*, many of the genetic hypertensive
syndromes have been demonstrated to be mediated by the enhanced activity of ENaC
expressed in this portion of the kidney. In other words, the activity of ENaC in the ASDN is
critical for the final adjustment of sodium excretion by the kidney and for the blood pressure
regulation.

ENaC belongs to the acid-sensing ion channel (ASIC)/ENaC/degenerin family and is an
amiloride sensitive and highly sodium/lithium selective channel located on the apical
membrane in sweat glands, colon, lung, and distal nephron of the kidney [70]. Functional
ENaC consists of three different subunits (a-ENaC/SCNN1A, $-ENaC/ SCNN1B, and vy-
ENaC/SCNN1G) in the kidney, which share similar structural features. Gain-of-function
mutations in the  or y subunits of ENaC result in a hypertensive phenotype (Liddle
syndrome) [71], which is autosomal dominant and featured by suppressed aldosterone
secretion (pseudoaldosteronism), low plasma renin activity, salt-sensitive hypertension,
hypokalaemia, and metabolic alkalosis. On the other hand, loss-of-function mutations in the
a, B, or y subunits of ENaC lead to pseudohypoaldosteronism type 1 (PHA-1), a salt-losing
syndrome with metabolic acidosis and hyperkalaemia with a Mendelian autosomal recessive
mode of transmission [72]. Genetic deficiency in each individual subunit of the ENaC
caused a lethal and early phenotype [73-75]. Interestingly, CD-specific inactivation of a-
ENaC could maintain sodium balance, even on water deprivation, salt restriction, or
potassium loading [76]; suggesting that the late DCT or CNT is important in sodium
homeostasis.

Curr Hypertens Rev. Author manuscript; available in PMC 2016 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Matsuki et al.

Page 8

It has been found that hypomorphic mutations in With-no-lysine kinase (WNK) 1 and 4 lead
to pseudohypoaldosteronism type Il (PHA-II), an autosomal dominant hereditary hyper-
tension [77], by enhancing the activity of NCC [78]. WNK4 substantially reduces NCC
abundance on the plasma membrane, and WNK1 can completely prevent the inhibition of
NCC by WNK4 [78]. B-adrenoceptor stimulation-induced WNK4 downregulation is
mediated by glucocorticoid receptors, but not by mineralocorticoid receptors [79]. In
contrast, hypomorphic mutations in NCC result in Gitelman syndrome, which is an
autosomal recessive salt-losing syndrome with hypokalaemia, hypocalciuria,
hypomagnesemia and metabolic alkalosis [80].

These findings demonstrate that although only 10 % of the filtrated sodium is reabsorbed at
the distal nephron (DCT, CNT, and CD), mutations in the genes involved in sodium
reabsorption in this portion of the nephron are adequate to cause human familial hyper/
hypotension syndromes.

TGFB SIGNALING AND RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

(RAAS)

RAAS is the major system that controls blood pressure. Most components of RAAS have
been demonstrated to up-regulate TGFf signaling independently of blood pressure. For
example, aliskiren, a (pro) renin inhibitor, prevents renal scarring and TGFB1 expression
without changing blood pressure in Col4a3-deficient mice [81] and in diabetic
TG(mRen-2)27 rats [82]. Angiotensin 11 was found to increase TGF1 mRNA levels viathe
angiotensin 11 type 1 receptor (AT1R) in rat heart endothelial cells [83]. In proximal tubular
cells, angiotensin Il stimulates mMRNA and protein expression of TBRII but not those of TBRI
[84], leading to a further amplification of the stimulatory effects of RAAS on TGF3
signaling. Activator protein-1 (AP-1) sites in the promoter of the TBRII gene are necessary
for the angiotensin ll-induced transcriptional activity [84]. Angiotensin I1l, a degradation
product of angiotensin 11, also increased the mRNA levels of TGFB1 in fibroblasts and
mesangial cells [85].

Infusion of aldosterone even at doses that unalter systolic blood pressure caused an increase
in urinary TGFB1 excretion viathe mineralcorticoid receptor [86]. However, no change in
TGFB1 mRNA occurred, suggesting a posttranscriptional effect of aldosterone on TGFp1
[86]. Likewise, TGFp1 mRNA expression was increased with an enhanced binding density
of angiotensin converting enzyme (ACE) and AT1R in the kidney of rats subcutaneously
receiving aldosterone [87]. Aldosterone increased mMRNA and protein levels of plasminogen
activator inhibitor-1 which was partially blocked by TGFf neutralizing antibody in cultured
rat renal mesangial and fibroblast cells [88]. Also, Han et a/. have demonstrated that
aldosterone stimulates TGFB1 mRNA expression via ERK1/2, JNK, and AP-1 in rat
mesangial cells [89]. On the other hand, Juknevicius ef a/. have shown that aldosterone
provokes urinary excretion of TGFB1 without influencing renal TGFp1 transcripts,
suggesting posttranscriptional enhancement of renal TGFP1 [86]. In mice treated with NC-
nitro-L-arginine methyl ester (L-NAME), a nitric oxide synthase (NOS) inhibitor, and
angiotensin I1, genetic deficiency of the mineralocorticoid receptor in myeloid cells
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significantly attenuated inflammation, fibrosis and the mMRNA levels of TGFf1 in the heart
and aorta [90]. Aldosterone also increased the secretion of TGFB1 in dendritic cells [91].

Increased renal production of TGFB1 is associated with various diseases related to activation
of RAAS, two of which are hypertension and diabetes mellitus. Urinary TGFB1 excretion
reflects renal TGFB1 production. As such, urinary excretion of TGFp1 is a useful marker in
assessing the efficacy of RAAS inhibitors in clinical settings. For example, losartan, an
AT1R blocker, has been reported to reduce urinary TGFp1 excretion [92].

Although most of the active components of RAAS induce TGFB1 expression, the effect of
TGFB1 on the activity of RAAS is not well understood. It has been shown that TGFp1 at
picomolar concentrations directly stimulates renin release in rat renal cortical slices, an
effect which is abrogated by meclofenamate, an inhibitor of cyclooxygenase [93]. TGFp1
also increased renin activity in cultured bovine zona glomerulosa cells [23]. In rat
immortalized renal proximal tubular cells, addition of active human TGFf1 or transfection
of rat TGFP1 cDNA increases the mRNA level of angiotensinogen; this action is at least in
part mediated, v7a nicotinamide adenine dinucleotide oxidase, p38 MAPK and p53 [94]. An
inhibitor of TBRI (SD-208) reduces plasma levels of active renin as well as cardiac and renal
expression of angiotensinogen, ACE and AT1R in mice [95]. TGFB1 also induces the protein
levels and activity of ACE in rat cardiac ventricular fibroblasts [96]. In human lung
fibroblasts, TGFB1 has been shown to increase the transcript and protein levels of AT1R
through the mitogen-activated protein kinase kinase 1 and 2 (MKK1/MKK?2) signaling
pathway [97].

We found that mice having genetically reduced TGFB1 expression had lower plasma levels
of active renin and angiotensin Il and increased plasma volume compared with WT [24]. In
the reverse direction, mice having genetically increased TGFp1 expression had higher
plasma levels of active renin and angiotensin Il and reduced plasma volume compared with
WT [24]. These findings suggest that TGFp1 increases the activity and expression of RAAS
components v/a both direct and indirect (changing plasma volume) mechanisms [24].

TGFB1 SUPPRESSES SYNTHESIS OF CORTIC-OSTEROIDS

Although aldosterone stimulates the expression of TGFp1, TGFB1 potently inhibits
aldosterone synthesis in cultured adrenocortical cells [21-23].

Hotta et al. have shown that TGFp1 inhibits the formation of 84-steroids including
corticosterone, cortisol, androstenedione and aldosterone in cultured bovine adrenocortical
cells [21]. This suggests that TGFB1 suppresses the synthesis of a wide variety of
corticosteroids. Indeed, TGFpB1 decreases the activity of cholesterol side-chain cleavage,
which is the first enzymatic step of steroidogenesis, and reduces the protein levels for
cytochrome P450 side-chain cleavage (P450scc, Cypllal), adrenodoxin and adrenodoxin
reductase in cultured sheep adrenal cells [98]. TGFB1 also decreases the transcript levels of
steroidogenic acute regulatory protein (StAR), which assists the transport of cholesterol
from the outer membrane to the inner membrane in the mitochondria where P450scc resides,
in bovine adrenocortical cells [99]. Le Raoy et al. reported that TGFB1 reduced
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adrenocorticotropin-induced cortisol production and decreased the transcript levels of
steroid 17a-monooxygenase (Cypl7al), hydroxyl-8-5-steroid dehydrogenase, 3p3- and
steroid 8-isomerase 1 (Hsd3b1), and StAR in the bovine adrenocortical cells [100]. These
results indicate that TGFB1 suppresses multiple enzymatic steps of steroidogenesis in the
adrenal cortex.

Mineralocorticoids, including aldosterone and 11-deoxycorticosterone, are important for
blood pressure regulation. Liakos ef a/. have reported that TGFB1 reduced forskolin-induced
production of cortisol and 11-hydroxyandrostenedione by 85% and angiotensin Il-induced
production of aldosterone by 80%. TGFB1 also strongly inhibits forskolin-induced steroid
11B-hydroxylase (Cyp11lbl) mRNA levels and the Cypllb1l activity, as well as angiotensin
I1-induced aldosterone synthase (Cyp11b2) mRNA levels and the Cyp11b2 activity in NCI-
H295R cells, derived from the human adrenocortical tumor [22]. The promoter activity of
Cyp11b1, studied by the luciferase assay, was suppressed by TGFS1; though the responsible
site was different from the Smad-binding sequences, suggesting that the repression of
Cypl1b1 promoter activity by TGFB1 is indirect [22]. Indeed, TGFp1 inhibits transcription
of steroidogenic factor 1 [101], which is important for the development of adrenal and
gonadal steroidogenic cells [102] and enhances transcription of steroidogenic enzymes
including Cypl1al, steroid 21-hydroxylase (Cyp2lal), Cypllbl and Cypl1b2 [103] by
binding a shared promoter element [104].

These findings in cultured adrenocortical cells have been reproduced in mice with graded
expression of TGFB1 mRNA ranging from 10% to 300% of normal [24]. Genetically high
levels of TGFp1 lead to reduced plasma aldosterone and corticosterone levels despite the
plasma volume being decreased. Increased TGFB1 was also associated with decreased
expression of Cyp11bl, Cypllb2, Hsd3b1, and Star, whereas genetically low levels of
TGFp1 lead to increased plasma aldosterone and corticosterone levels despite the plasma
volume being expanded, which is associated with increased expression of the
aforementioned genes.

Plasma aldosterone and corticosterone levels were significantly higher than normal in
TGFB1 hypomorphic mice, whereas in hypermorphic mice plasma aldosterone levels were
significantly lower than normal [24]. In contrast, plasma levels of active renin and
angiotensin Il were lower than normal in hypomorphic mice and higher than normal mice in
hypermorphic mice. This seems to confirm that the suppressed adrenal functions in the
TGFB1 hypermorph and enhanced adrenal functions in the TGFp1 hypomorph are due to
primary effects of TGFP1 on adrenocrtical cells in an autocrine and/or paracrine fashion, and
not due to renin/ angiotensin influence. Additionally, hypomorphic mice had markedly
higher systolic blood pressure as well as less diuresis and natriuresis than WT mice, which
can be normalized by administration of spironolactone, a mineralocorticoid receptor blocker,
or amiloride, an epithelial sodium channel (ENaC) blocker [24]. These results further
suggest that TGFp signaling is important for regulating fluid homeostasis at least partly via
the suppression of corticosteroid synthesis and the reduced ENaC activity.

The inhibition of steroidogenesis by TGFB1 can be dissociated from its effect on cell
proliferation of bovine adrenocortical cells [21]. Qualitative histological abnormalities,
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including nodular hyperplasia, were not observed in the adrenal of TGFB1 L/L mice.
However, the weight of adrenal divided by body weight in TGFB1 L/L mice was twice as
large as that in WT mice. Therefore, the TGFB1 L/L mice can reasonably be judged as
having idiopathic bilateral adrenal hyperplasia and primary aldosteronism, which at least
partly account for their hypertension.

Loss-of-function mutations in the PKA type | a regulatory subunit (PRKAR1A) causes
Carney complex, a congenital multiple endocrine neoplasia syndrome characterized by
pigmented adrenocortical nodules as the most frequent neoplasia. PRKAR1A-silenced NCI-
H295R cells exhibit suppressed SMAD3 expression and resistance to TGFp1-induced
apoptosis [105], suggesting that TGFp1 is also involved in preventing adrenocortical tumors
in the multiple endocrine neoplasia syndrome. Indeed, in human adrenocortical tumors, the
expression of SMAD3 varied inversely with Weiss scores for malignancy [106]. Likewise,
TGFB1 mRNA was abundantly expressed in normal adrenals and adrenocortical adenomas,
but reduced in carcinomas [107].

In summary, many lines of evidence shows that TGFB1 regulates adrenal development and
inhibits steroidogenesis in the adrenal cortex. The interaction of TGFB1 and steroido-
genesis is another mechanism by which TGFf signaling can influence blood pressure.
Additionally, TGFB1 appears to be involved in adrenocortical tumorigenesis.

TGFB1 SUPPRESSES RENAL SODIUM REABSORPTION

In addition to the suppressive effect of TGFB1 on adrenocortical function, TGFf1 also
directly inhibits aldosterone stimulated ENaC activity in the kidney. Aldosterone leads to
elevated blood pressure via expansion of extracellular fluid volume through its stimulation
of the ENaC activity, which is located in the ASDN. In the collecting duct, principal cells
respond to aldosterone and absorb sodium. All of ENaCs, mineralocorticoid receptors, and
Na*/K*-ATPase are necessary for this response to aldosterone and present along the ASDN.
Both plasma aldosterone levels and dietary sodium intake regulate the activity of ENaC [62].
It appears that aldosterone stimulates Na* transport by ENaC more than that by Na*/K*-
ATPase.

Although aldosterone is extremely important for both Na* homeostasis and blood pressure
control via ENaC regulation, a variety of other hormones, including TGFB1, regulate ENaC
activity either independently or in parallel with aldosterone [61]. Frank et a/. found that
TGFB1 decreases the expression of a-ENaC via the activation of ERK1/2 [108]. Husted et
al. reported that TGFB1 inhibits the action of mineralocorticoid and decreases Na* entry
across the apical membrane of inner medullary collecting duct cells [109, 110]. Peters et al.
reported that TGFp1 promotes internalization of 3-ENaC, through its activation of
phospholipase D1 (PLD1) [111]. Phosphatidic acid generated by PLD1 activates
phosphatidylinositol-4-phosphate 5-kinase 1 o and generates phosphatidylinositol [4,5]-
biphosphate, which stimulates NADPH oxidase 4 to generate reactive oxygen species that in
turn target Cys43 residue of p-ENaC and facilitate its internalization [111]. The trafficking
of p-ENaC from the cell surface to endocytic vesicles by TGFB1 destabilizes the entire
ENaC complex within the epithelial cell surface [111].
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We found that the open probability, functional expression and total activity of ENaC in the
collecting duct of cells microdissected from TGFB1 hypomorphic mice, which have high
plasma aldosterone levels, are significantly greater than those from WT mice [24]. In
addition, collecting duct specific overexpression of TGFB1 restores natriuresis in mice with
low Tgfb1 expression despite high plasma aldosterone levels (unpublished observation).
These findings indicate that TGFB1 inhibits ENaC-mediated Na* reabsorption not only
indirectly viadecreased aldosterone production in the adrenal gland, but also directly in
collecting duct cells.

Protease nexin-1 (PN-1) is a member of the serpin (the abbreviation of serine protease
inhibitor) family and inhibits plasmin, a-thrombin, prostasin [112] and plasminogen
activators. PN-1 inhibits the activation of ENaC induced by prostasin in Xenopus oocytes,
and suppression of PN-1 expression increased the baseline current of sodium in mouse
cortical collecting duct cells [113]. Moreover, it has been demonstrated that aldosterone
increases prostasin and decreases PN-1 and that TGFB1 decreases prostasin and increases
PN-1 [113]. Another study in a mouse collecting duct cell line (mpkCCDc14 cells) showed
that TGFB1 inhibited the transepithelial amiloride sensitive electrical current, which is
accompanied by a decrease in a-ENaC expression [114]. A deletion mutant for Smad4 did
not inhibit sodium current and abolished the TGFB1-induced inhibition of sodium current.
This suggests that TGFB1 decreases ENaC functionality viaa Smad4-dependent pathway.

It has been demonstrated that TGFB1 and aldosterone differentially regulate renal sodium
reabsorption in proximal tubules as well. Human, rat, and mouse proximal tubular cells
express both mineralocorticoid receptors and Na*/K*-ATPase subunits [115]. In HKC11
cells, a human renal proximal tubulular cell line, aldosterone increases Na*/K*-ATPase-
mediated 86Rb uptake [115]. In primary human proximal tubules, aldosterone stimulates
Na*/H* exchange activity accompanied by an increase in the expression of biotinylated
Na*/H* exchanger 3 [116]. In contrast, TGFB1 induces dose dependent decrease in the
activity of Na*/K*-ATPase [117] and the expression of a and f subunits of Na*/K*-ATPase
in rabbit primary proximal tubules [118].

The precise molecular mechanism by which TGFp1 reduces the renal actions of aldosterone
is still poorly understood. However, it is probably multifactorial and likely involves
differential metabolic effects of aldosterone and TGFB1 on mitochondrial oxidative
phosphorylation [117].

TGFB1 AND NITRIC OXIDE

Nitric oxide (NO) is an endogenously generated molecule having a short half-life /n vivo
that regulates blood pressure by both reducing vascular resistance and increasing sodium
excretion from the kidney [119]. After generation, NO quickly degrades into nitrite and
nitrate, which are stable and can be measured by the Griess colorimetric method. However,
since nitrite/nitrate are also derived from food, nitrite/nitrate measurement is an insensitive
indicator of endogenous NO production. Three isoforms of NO synthases (NOSs) that
catalyze the generation of NO from the substrate L-arginine have been identified: neuronal
NOS (nNOS/NOS1), inducible NOS (iNOS/NOS2), and endothelial NOS (eNOS/NOS3).
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Both nNOS and eNOS are classified to constitutive NOSs, which are expressed in neurons
and endothelial cells. The enzymatic activities of eNOS and nNOS are Ca**/calmodulin-
dependent, and activated by various chemical and mechanical stimuli that elevate
intracellular calcium. In contrast, iINOS is not expressed constitutively but can be induced in
most types of cells under several pathophysiological conditions by various cytokines
including interleukin-1, TNF-a and interferon-y. The enzymatic activity of iNOS is calcium/
calmodulin-independent, so once the enzyme is induced, it can generate a large amount of
NO and thus plays the major causative role in severe hypotension in septic shock.

Under normal physiological conditions, blood pressure is primarily determined by the
constitutive NOS (nNOS and eNOS), as they are the primary source of endogenous NO. In
animal experiments, mice lacking eNOS exhibit higher mean arterial pressure than WT by
approximately 20 mmHg [120], clearly demonstrating that eNOS is involved in regulation of
blood pressure. In eNOS deficient mice, a NOS inhibitor N®-nitro-L-arginine caused a
paradoxical decrease in blood pressure, suggesting that NNOS may maintain blood pressure.
However, blood pressure observed in mutant nNOS mice is normal [121]. These seemingly
conflicting results may suggest that nNOS significantly regulates blood pressure only when
the function of eNOS is impaired. Though iINOS does not seem to be important in regulation
of blood pressure under physiological conditions, blood pressure is decreased by the
induction of iNOS in sepsis. The arterial pressure in iNOS deficient mice is comparable to
WT, though lipopolysaccharide (LPS)-induced falls in blood pressure are completely averted
[122].

Previous studies have suggested that TGFB1 affects the production of NO by several
mechanisms. Inoue et al. demonstrated that TGFB1 dose-dependently increases both the
eNOS transcript and protein levels as well as media nitrite/nitrate levels in cultured bovine
aortic endothelial cells [123]. A region of the eNOS promoter containing Smad binding
sites, spanning from -1269 to -935, mediates the effect of TGFB1 on eNOS transcription
[124]. In rat renal or mesenteric microvessels, TGFB1 increases vascular diameters; this can
be reversed by co-infusion of L-NAME or of sEng, a soluble form of a co-receptor of
TGFs, endoglin [41]. TGFB1 does not change the amount of total eNOS protein or
Ser1177-phosphorylated eNOS, but significantly decreased Thr495-phosphorylated eNOS,
an inactive form of NOS, which was again reversed by sEng in cultured mouse endothelial
cells [41]. In contrast, in human umbilical vein endothelial cells, TGFB1 increases the
protein levels of Ser1177-phosphorylated eNOS and nitrite/nitrate levels in the media, both
of which can be abrogated by co-incubation with small interference RNA for phophatase
and tensin homolog (PTEN) [125]. Since the siRNA for PTEN increases the amount of
phosphorylated Akt, the increase in phophorylation of eNOS by TGFB1 is likely due to the
suppression of PTEN by TGFpB1 and via the subsequent Ser1177-phosphorylation of eNOS
by the phosphorylation of Akt.

While TGFB1 increases expression of eNOS, it was shown to suppress cytokine- stimulated
iNOS expression in both RAW 264.7 cells and cultured smooth muscle cells [126, 127].
TGFB1 reduces the stability and translational efficiency of INOS mRNA and enhances the
protein degradation of iNOS, but leaves transcription of iNOS unaltered [128]. In TGFp1-
null mice, iINOS mRNA and protein levels are increased in the kidney and heart, and the
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nitrite/nitrate levels in serum are elevated approximately fourfold over controls [129]. In
transgenic mice with overexpression of TGFB1 given LPS to induce septic shock, serum
nitrite/nitrate levels are decreased and iNOS protein levels in peritoneal exudate cells are
much less than in WT [130].

Endoglin is one of the TGFp type 111 accessory receptors [131] and its mutation is associated
with human hereditary telangiectasia type 1 [132]. The association of endoglin with the
TGFp receptor complex potentiates ALK1/Smadl and ALK5/Smad?2 and represses the
ALKS5/Smad3 in the TGF signaling pathway [133-136]. Jerkic et al. have demonstrated
that in haploinsufficient endoglin (Eng*/~) mice the intravenous infusion of acetylcholine,
which causes endothelium dependent vasodilation, decreases arterial pressure to a lesser
extent than in WT. In addition, the pressor response to L-NAME in the Eng*/~ mice is also
smaller than that of WT [137]. The dilatory response of aortic rings to acetylcholine from
the Eng*/~ mice is smaller than that of WT, but the dilatory effect by an endothelium-
independent vasodilator is comparable between Eng*/~and WT mice. These results suggest
that endothelium-dependent vasodilation, which is considered to be due mainly to eNOS
activation, is attenuated by the decreased expression of Eng. They also found that the protein
levels of eNOS and the mRNA levels of TGFB1 are also diminished in the Eng*/mice.
Toporsian et al. showed that the activity and expression of eNOS are decreased in the
Eng*/~"mice as compared with WT [138]; they also noted that the association of eNOS,
endoglin and heat shock protein 90 is impaired in Eng*/~ mice. This demonstrates that TGF}
signaling is important for blood pressure regulation viaeNOS.

L-NAME elevated blood pressure to a similar extent in TGFp1 L/L and WT mice. It was
found that the renal protein levels for Ser1177-phosphorylated eNOS is more abundant in
the TGFB1 L/L mice than in WT, but the levels of total eNOS protein, Thr495-
phosphorylated eNOS, and eNOS mRNA are not significantly different between the two
groups. Similarly, the TGFB1 L/L mice have the greater protein levels for serine473-
phosphorylated Akt than WT, although TGFB1 L/L and WT mice have comparable content
of total Akt.

No significant differences between TGFB1 L/L and WT mice were found in the serum
nitrite/nitrate levels or the inducible NOS expression, although these parameters are
markedly increased in TGFB1-null mice as compared to WT mice [129]. Thus, it is unlikely
that the decreased NO results in the hypertension of TGFB1 L/L mice. Consequently, the
increase in Ser1177-phosphorylated eNOS in the TGFB1 hypomorph is unlikely to be
because of the direct effect of decreased TGFp1; though it may be due to the stimulatory
effect of aldosterone on the Ser1177-phosphorylation of eNOS [139] or to the expanded
plasma volume which may lead to increased shear stress [140].

Interestingly, the mRNA levels for nNOS are significantly decreased in the kidney of the
TGFB1 L/L mice. Dietary salt increases the protein expression of nNOS in freshly
microdissected inner medullary collecting ducts [141]. It has been suggested that NO
inhibits the activities of Na*/K*-ATPase and ENaC [142]. Since collecting duct-specific
disruption of nNOS reduces urinary output of sodium and nitrite/nitrate and results in salt-
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dependent hypertension in mice [143], it is also possible that TGFB1 increases natriuresis via
nNOS in the collecting duct cells.

TGFB1 AND ENDOTHELIN-1

Endothelin-1 was first discovered in cultured endothelial cells as a peptide with a function of
potent vasoconstriction [144]. It was later found to exert a broad range of biological effects
on cell proliferation [145], survival [146], differentiation [147], migration [148], immunity
[149], osteogenesis [150], adipogenesis [151] and wound healing [152]. Endothelin-1 is
formed from big endothelin-1 by endothelin converting enzymes [153]. It acts by binding to
endothelin ETA [154] and ETB receptors [155], which participate in the Ca**/calmodulin-
dependent [156] and phospholipase A2-dependent signaling pathways [157].

Although endothelin-1 is ubiquitously expressed in the body, endothelin-1 mRNA is most
abundantly expressed in inner medullary collecting duct cells (IMCDs) among
microdissected nephron segments [158, 159]. Likewise, ETB receptors are also most highly
expressed in IMCDs [160]. Kohan et al. have shown that endothelin-1 inhibits arginine
vasopressin-induced accumulation of adenosine 3’,5’-cyclic monophosphate (cAMP) and
Nat/K*-ATPase activity in IMCDs via ETB receptors [161]. Bugaj et a/. demonstrated that
endothelin-1 decreases the activity of ENaC in isolated rat collecting ducts, through ETB,
but not ETA receptors [162]. Endothelin-1 decreases sodium reabsorption in isolated mouse
collecting ducts, through both ETA and ETB receptors [163]. The inhibition of ENaC by
endothelin-1 is abolished by a selective Src kinase inhibitor, PP2 [164].31Pix activated by
endothelin-1 decreases the channel number of ENaC through the binding of 14-3-3, which
impairs the binding of 14-3-3 to Nedd4-2, a ubiquitin ligase; and hence ENaC is promoted
to be ubiquitinated and degraded [165]. Although B type splice variant of nNOS is the only
NOS isoform expressed in mouse IMCD segment-3 cells, endothelin-1 stimulates nitric
oxide production v/ia ETB receptors in those cells [166].

In gene targeting studies, mice completely lacking endothelin-1 have severe anomalies in the
heart and aorta with craniofacial abnormalities and die at age 10-12 days post coitum [167].
However, endothelin-1 haplodeficient mice had an elevated blood pressure as compared with
WT, suggesting that endothelin-1 plays a physiological role in decreasing blood pressure
[167]. Likewise, collecting duct-specific endothelin-1 or ETB receptor knockout mice
develop high blood pressure and show decreased urinary excretion of sodium on a high-salt
diet [168, 169]. In contrast, collecting duct-specific ETA receptor knockout mice have
normal blood pressure [169]. Endothelin-1 decreases the open probability of ENaC in
collecting ducts isolated from WT and ETA receptor knockout mice, but not in those from
ETB receptor knockout mice [170]. The basal activity of ENaC in collecting ducts isolated
from ETB receptor knockout mice was elevated as compared with those from WT and ETA
receptor knockout mice [170]. The differences in sodium excretion and blood pressure by
the collecting duct-specific deletion of endothelin-1 were abolished by L-NAME
administration [171]. Thus, endothelin-1 is important in natriuresis by stimulating ETB
receptors and nitric oxide production in collecting duct cells.
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Previous studies have demonstrated that TGFB1 increases the expression and/or secretion of
endothelin-1 in vascular endothelial cells [172], glomerular mesangial cells [173], vascular
smooth muscle cells [174], and renal collecting duct cells [158, 175]. Activation of
transcription in the promoter for endothelin-1 accounts for the TGF1-induced increase in
endothelin-1 expression. The binding sites for Smad and AP-1 in the endothelin-1 promoter
are indispensable for TGFB1-induced transcription of endothelin-1 [176]. Binding of Smad3/
Smad4, c-Jun, and the coactivator CREB-binding protein/p300 were found to be essential
for induction of endothelin-1 [176]. Dibutyryl-cCAMP increased and Rp-cCAMP decreased
TGFp1-induced expression of endothelin-1 [177], suggesting that the effect of TGFp1 on
endothelin-1 expression occurs via cAMP. In contrast, a pan-TGFp antibody caused a
significant reduction in endothelin-1 mMRNA levels and endothelin-1 protein secretion in two
cell lines of renal cortical and inner medulary collecting ducts [178], suggesting that
endogenous TGFps are autocrine/ paracrine stimulators of endothelin-1 expression.

Thus, it is likely that TGFB1 exerts its natriuretic effects partly viainduction of endothelin-1
in collecting duct cells.

HIGH SALT INTAKE AND TGFp1

RAAS is an important stimulator of TGFf signaling and tissue fibrosis. Interestingly, Dahl
salt-sensitive rats [179, 180], an animal model of hypertension with sodium retention and
low circulating levels of both active renin and aldosterone, also exhibit enhanced TGF
signaling. This suggests that sodium retention and volume expansion promote TGF31
activation and fibrosis, leading to cardio- vascular and renal complications independent of
RAAS. Indeed, Ingenuity Pathway Analysis of gene expression profiles, determined by
microarray, identified an enrichment of genes involved in the TGFf signaling of primary
cultured human chondrocytes under hyperosmotic condition obtained by adding sodium
chloride [181]. However, the mechanisms for RAAS-independent activation of TGFj
signaling by salt-loading are not well understood.

Tamaki, et al. demonstrated that Dahl salt-sensitive rats develop marked hypertension and
renal damage on a high-salt diet while showing increased cortical gene expression of
TGFp1, LTBP, and TGFp receptors (Type I, 1 and I11); this was accompanied by augmented
expressions of genes acting downstream of TGFf1: collagen I, fibronectin, and plasminogen
activator inhibitor-1 [182]. The increased expression of TGFp1 in salt-loaded Dahl salt-
sensitive rats is important for developing renal injury. Reduced TGFB1 expression, achieved
either by anti-TGFp neutralizing antibody (1D11) or haploinsufficiency of TGFS1 gene
attenuated urinary protein excretion, glomerular injury and renal interstitial fibrosis; these
occurred without a change in blood pressure of Dahl-salt sensitive rats on a high-salt diet
[183, 184].

The effect of salt loading on tissue damage is also observed in the absence of elevated blood
pressure. An increase in sodium intake elevates mMRNA levels of TGFp1, TGFp2 and TGFj3
in the kidney and heart of Sprague-Dawley rats without an associated increase in arterial
pressure [185]. In Sprague-Dawley rats receiving angiotensin 11 (100 ng/kg/min) for two
weeks by subcutaneous minipump, a high sodium diet aggravated renal histological changes
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and the expression of TGFB1 in the kidney without changing blood pressure [186].

Likewise, in young female transgenic (mRen2)27 rats a high-sodium diet for 3 weeks did
not significantly alter blood pressure, but did exacerbate cardiac left ventricular diastolic
dysfunction, proteinuria, periarterial and interstitial fibrosis; TGFB1 expression in the kidney
was increased as well [187, 188]. The same study found that salt loading increased fibrosis
and TGFp1 expression in the kidney even in normotensive Sprague-Dawley rats [187].

Several molecular mechanisms for the increased expression of TGF1 resulting from high
salt intake have been reported. The enhanced glomerular production of TGFB1 induced by
the 8 % NaCl diet was inhibited by tetraethylammonium but not glibenclamide, suggesting
that the mechanism includes voltage-activated potassium channels [185]. Iberiotoxin, an
inhibitor of large-conductance calcium-activated potassium channels, also suppressed salt-
induced production of TGFp1 [189]. Ying et a/. found that dietary salt activates c-Src and
proline-rich tyrosine kinase-2 (Pyk2) in the aortic ring and glomerulus [190]; concurrent
with downstream activation of ERK1/2 and p38, which induces TGFB1 generation [190].
High Na* diet increased the protein amount of phosphorylated Pyk2 and Pyk2 activity in the
aorta and renal glomerulus. Both the total and active amount of TGFS1 were enhanced on a
high salt diet; this enhancement was abolished by tyrphostin Ap, an inhibitor of Pyk2 [190].
It was shown that two sorts of dominant negative Tat fusion proteins, which inhibit the
respective binding of c-Src and PI3K to Pyk2, inhibit the dietary salt-induced increase in
total and active TGFpP1 [190]; suggesting that both c-Src and PI13K are involved in the Pyk2
phosphorylation. Indeed, the amount of phosphorylated c-Src was augmented by high salt,
and the high salt diet-induced increase in total and active TGF1 was abrogated by a c-Src
inhibitor PP2 [190]. MAPK is a downstream target of Pyk2 [191]. The activities of p42/p44
MAPK and of p38 MAPK enhanced by high salt diet were also abolished by Tat fusion
proteins which inhibit the binding of c-Src and PI3K to Pyk2 [190]. In agreement with these
results, induction of genes involved in TGFf3 signaling were also blocked by inhibitors for
p38 MAPK and p42/p44 MAPK in cultured human chondrocytes under hyperosmolar
conditions [181].

In the TGFP1 L/L mice, urinary excretion of sodium and water was markedly impaired and
the blood pressure and plasma volume were significantly increased as compared with WT
[24]. In contrast, urinary excretion of sodium and water was unaltered and the blood
pressure and plasma volume were significantly decreased in the TGFS1 H/H mice. These
results suggest that TGFp1 is a natriuretic protein. In this context, the induction of TGFS1 by
salt loading as a negative regulatory mechanism is a reasonable physiological response to
maintain sodium and fluid homeostasis. The restriction of salt intake seems to be more
beneficial than pharmacological suppression of TGFp signaling in minimizing salt-induced
tissue fibrotic changes.

CONCLUSION

TGFp1 is integrally involved in blood pressure regulation, salt and water balance, as well as
fibrosis. While TGFB1 develops fibrosis and end organ damage, we demonstrate that the

increased expression of TGFB1 in the kidney may in fact be an important counterregulatory
mechanism in response to salt loading and sodium retention. In fact, TGFp1 induction leads
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to reduction in mineralocorticoid/corticosteroid synthesis and increased salt and water
excretion.

It is well established that blocking RAAS provides beneficial effects for the treatment of
cardiovascular and renal complications in hypertension and diabetes [192]. Although the
induction of TGFB1 by RAAS mediates the fibrogenic changes in these complications,
TGFp1 is unlikely to be a viable target to manage hypertension, since the results of recent
studies indicate that TGFP1 suppresses mineralocorticoid production and maintaining
normal diuresis and natriuresis by reducing renal tubular reabsorption of sodium.

Human studies looking at patients who have already developed end organ damage due to
hypertension as well as hypertensive patients compared with normotensive patients show
elevated TGFB1 levels. But this may in fact be due to hypertension and salt loading rather
than the cause of hypertension. Thus blocking TGFB1 activity may actually be detrimental
rather than beneficial to managing hypertension in the clinical setting.

It is clear that more work needs to be done to elucidate the relationship between TGFp1 and
renal sodium and water handling as well as fibrosis. In order to develop successful
therapeutic strategies that target TGFp signaling for the treatment of end organ damage, it
will be necessary to find a way to avoid worsening sodium and water retention due to
reduced TGFp signaling.
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Fig 1.

Mechanisms whereby transforming growth factor (TGF) 1 regulates blood pressure and
whereby pro-TGFp1 is converted to mature TGFB1. RAAS, renin-angiotensin-aldosterone
system; ACE, angiotensin converting enzyme; ENaC, epithelial sodium channel.
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Table 1

The sodium transporters in nephron segments.

Segments

Apical Membrane

Basolateral Membrane

Proximal tubule

NHE 3/2

Sodium/glucose co-transporter 1/2
Sodium/phosphate co-transporter 1/2a/2c
Sodium/sulfate co-transporter 1
Sodium/monocarboxylate co-transporter 1/2

Sodium/multivitamine co-transporter

Na*/K*-ATPase
NHE 1/4
Sodium/iodide co-transporter

Sodium/bicarbonate co-transporter 1

Loop of Henle
Descending limb
Thin ascending limb

Thick ascending limb

NHE 3

Na*/K*/2CI~ cotransporter 2
NHE 3/2

Na*/K*-ATPase

NHE 1/4

Distal convoluted tubule

Na*/CI~ cotransporter

Na*/K*-ATPase
NHE 1/4

Collecting duct system

Epithelial Na* channel

Na*/K*-ATPase
NHE 1/4

NHE, Sodium-hydrogen exchanger.
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