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We have cloned rat genes for these blood pressure regulatory
factors, and studied their gene expression.
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Hypertension is suggested to be caused by
an abnormality of one blood pressure regulatory
gene (monogenic hypertension) or by a combina-
tion of some unknown genetic disorders
(polygenic essential hypertension) underlying
the blood pressure regulation system. For
instance, as monogenic hypertension, Liddle’s
syndrome (Takeuchi et al. 1989),
dexamethasone-suppressible aldosteronism
(Miura et al. 1986) and apparent mineralocor-
ticoid syndrome (White et al. 1997) are caused
by abnormality of epithelial type of sodium
chloride (NaCl) channel (ENaC), 113-
hydroxylase/aldosterone synthases, and 1183-
hydroxysteroid dehydrogenase, respectively
(Lifton et al. 2001). With regard to essential
hypertension, however, any definitive candidate

genes have ever been identified, although many
efforts to identify the genes have been conduct-
ed (Higaki et al. 2001). Angiotensinogene gene
is one of the candidate genes for hypertension,
and, interestingly, a mutation in its gene tran-
scription region has been suggested to be related
to hypertension (Ishigami et al. 1997), suggesting
that transcription mechanism of hypertension
candidate gene should be paid more attention.
Here we review our observations in the molecu-
lar biology of angiotensin AT,a receptor,
thromboxane synthase/receptor, prostaglandin
EP; receptor, and thiazide-sensitive sodium-
chloride (Na-Cl) cotranporter in terms of blood
pressure regulation.
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Angiotensin AT, Recetpor

Angiotensin (A) II is a potent vasocon-
strictor and stimulator of aldosterone synthesis
leading to high blood pressure. These AIl
actions are mediated via its specific receptor,
AT, subtype, which is linked to a calcium/
inositol signal transduction pathway (Takeuchi
et al. 1992) and a AP-1 mediated gene transcrip-
tion system (Takeuchi et al. 1990). The rat
cDNA (AT,a) was cloned by Murphy et al.
(1992), and the primary protein structure was
revealed. The gene for AT,a receptor has also
been cloned, and its transcription function of its
5-flanking region (FL) has been characterized
(Takeuchi et al. 1993a). The transcription
regulatory region of AT,a receptor gene posses-
ses TATA box, Sp-1 binding sites and GATA
box and exerts potent transcription function in
vascular smooth muscle (VSM) cells. AT,a
receptor gene was shown to be induced by
glucocorticoid (Guo et al. 1995) and insulin
(Nickenig et al. 1998), and suggested to be
involved in the vascular hyperplasia caused by
these substances. On the other hand, we have
shown that interferon (IFN)-y inhibited tran-
scription of AT,a receptor gene on the region
containing gamma-interferon activation sites
(GAS) dependent on a protein phosphorylation
mechanism (Ikeda et al. 1999), suggesting mech-
anism of the IFN-y inhibition against vascular
smooth muscle proliferation. AT,a receptor is
thus suggested to mediate vascular homeostasis
at variuos steps. Recently, angiotensin AT,
receptor activation was shown to interact with
insulin receptor signal transduction (Velloso et
al. 1996), which would suppress glucose metabo-
lism in peripheral tissues, probably causing
insulin-resistance. An anti-DM compound trog-
litazone (one of thiazolidinediones) improves
insulin-resistance, and not only ameliorates DM
but also lower blood pressure in a group of DM
patients (Ogihara et al. 1995), indicating a poten-
tial role of insulin resistance in pathogenesis of
hypertension. Thiazolidiendiones are known

to be ligands of peroxiosme proliferators-
activated receptor (PPAR)-y, a transcription
factor that was initially shown to be involved in
adipocyte differentiation. It has recently been
shown that troglitazone inhibits VSM cell
prolifertation and vascular neointimal forma-
tion after balloon injury (Hsueh and Law 2001),
and dilates renal glomerular arterioles (Arima
et al. 2002), suggesting a beneficial role of thi-
azolidinediones in vascular homeostasis. We
examined the effect of PPAR-y activation on
gene expression of angiotensin AT, a receptor in
VSM cells. Interestingly, troglitazone inhibited
AT, a receptor mRNA expression in VSM cells,
and it also inhibited transcription of AT,a rece-
ptor gene dependent on PPAR-y at a proximal
Sp-1-binding site (Sugawara et al. 2001a).
Other thiazolidinediones such as pioglitazone
and rosiglitazone also inhibited the transcription
(Sugawara et al. 2001b). Moreover, GST-pull
down assays have indicated that PPAR-y can
directly interact with Sp-1 causing the transcrip-
tion inhibition. It is thus suggested that anti-
insulin resistance drug thiazolidinediones would
ameliorate angiotensin Il-induced vascular
remodeling as well as improve glucose metabo-
lism probably by activating PPAR-y, although
this molecular mechanism should be further
translated in clinical subjects.

Thromboxane system: thromboxane synthase and
receptor

Prostaglandin (PG) endoperoxide PGH, is a
major metabolite of arachidonic acid (AA) for-
med by the cyclooxygenase (COX) pathway.
PGH, is metabolized by thromboxane synthase
(TXS) to thromboxane A, (TXA,). PGH, and
TXA, elicit platelet aggregation and vascular
contraction by activating a specific thrombox-
ane receptor (TP receptor). Salt-loading in-
duced TP receptor mRNA expression in rat
kidneys, and enhanced renal tubuloglromerular
feed-back via TP receptor possibly leading to
salt-sensitive hypertension (Welch et al. 1997).
Thus, TXA, has been suggested to be involved



Molecular Biology of Blood Pressure Regulatory Genes 3

in atherosclerosis and hypertension.

cDNA for TXS was cloned from human
lung (Ohashi et al. 1992) or rat kidney (T'sutsumi
et al. 1997). Expression of TXS mRNA was
shown to be induced in hydronephrotic and
transplant kidneys, supporting the previously
reported observation that TXA, synthesis was
enhanced in these phathological conditions.
Immunohistochemical studies of biopsy speci-
men show low levels of TXS expression in
normal kidneys, but much enhanced expression
in kidneys from renal transplant recipients
(Berkes et al. 1997). We have also shown that
significant expression of TXS in rat gonadal
tissues though the functional significance
remains unclear (Takahashi et al. 1995). Rat
TXS gene has also been cloned, and rat TXS
gene (Tbxasl) was shown to be located on
chromosome 4q21-q22 (Takeuchi et al. 1997a).
Rat TXS gene transcription function has been
characterized, and it has been shown that
nuclear factor (NF)-E2 binding site plays an
important role in transcription of TXS gene
(Ikeda et al. 2000). We first observed by mobil-
ity shift assays that the NF-E2 binding site was
specifically bound by NF-E2 related factor 2
(NRF-2), and interestingly the transcription
function of NRF-2 on TXS gene was suppressed
by PPAR-y activation via a protein-protein
interaction mechanism. Actually, TXS mRNA
expression was inhibited by PPAR-y activators
troglitazone in macrophages, suggesting that
troglitazone would suppress TXA, biosysnthesis
at the step of TXS gene transcription, and it
could be an agent protecting against atheros-
clerosis.

TP receptor was first purified from human
platelets by Ushikubi et al. (1989), and the isola-
tion of its cDNA was accomplished (Hirata et
al. 1991), followed by cloning of a rat cDNA
(Abe et al. 1995). The amino acid sequence for
the TP receptor shows seven hydrophobic
domains. It is a member of the large family of
seven transmembrane structural proteins char-
acteristic of a G-protein-coupled receptor, and

cloned TP receptor signal induces changes in
inositol trisphosphate (IP;) and (Ca®") messen-
ger system. The mRNA for TP receptor can
be detected by in situ hybridization in glomeruli,
renal cortical arteries, and renal pelvis (Abe et
al. 1995). Microscopic examination has local-
ized TP receptor mRNA in glomeruli, vascular
arterial smooth muscle cells, and transitional
epithelium of renal pelvis. However, mRNA
expression in tubules was minimal. Applica-
tion of a more sensitive method of reverse
transcription and polymerase chain reaction
(RT-PCR) to rat microdissected nephron seg-
ments demonstrated mRNA exclusively in
glomeruli, but not in tubules. However, im-
munohistochemical studies in the rat using anti-
body against TP receptor has localized it in
renal tubules (Takahashi et al. 1996). Using an
antibody against the carboxyl-terminal tail of
rat TP receptor, we have showed that TP
receptor is present in glomeruli, medullary thick
ascending limb of Henle and in distal, but not in
proximal tubules. On the other hand, using a
polyclonal antibody against the TP receptor,
there is abundant TP receptor expression in the
brush border of proximal tubules (Bresnahan et
al. 1996). Although the expression of TP rece-
ptor protein in proximal tubules is controversial,
the expression at distal tubules is consistent.
The 5-FL of the TP receptor gene that
regulates its transcript has been cloned from
both human (D’Angelo et al. 1995) and rat
sources (Takahashi et al. 1998). It is GC-rich,
lacks a TATA box-like sequence, but does
possess various putative cis-acting elements
such as NF-interleukin (IL)-6 (APRRE), GRE,
AP-1, AP-2, Sp-1, and NF-x-B sites, and the rat
gene is mapped to chromosomes 7q11 (Takeuchi
et al. 1996¢c). These 5-FL has been shown to
have active transcription activity. In VSM
cells, both glucocorticoid, IL-6, and phorbor
ester stimulated transcription of the 5’-FL of rat
TP receptor gene. Thus TP receptor expres-
sion could be up-regulated by vasoactive agents
that activate PKC or by cytokines generated
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during inflammation. Since TP receptor stim-
ulation of renal mesangial cells leads to cell
contraction, and vascular TP receptor stimula-
tion induces cell mitosis and cell hypertrophy,
TP receptor-induction in an inflammatory con-
dition would aggravate the tissue injuries. On
the other hand, we have shown that TP receptor
mRNA expression was down-regulated by thi-
azolidinediones (Sugawara et al. 2002). Similar
to the transcription suppression of AT,a rece-
ptor gene by thiazolidinediones (Sugawara et al.
2001a, b), TP receptor gene transcription was
shown to be inhibited by these compounds.
Moreover, molecular analysis has shown that
the transcription suppression was due to the
inhibition of transcription activity of Sp-1 by
PPAR-y activated by thiazolidinediones.
Together with the transcription suppression of
TXS gene, thiazolidinediones have been thus
suggested to specifically inhibit TX system via
activation of PPAR-y.

Prostaglandin EP; receptor

Following the cloning of TP receptor, other
types of PG receptor including PGE, receptor
were cloned (Narumiya et al. 1999). Among
isoforms of PGE, receptor, EP; subtype was
shown to be abundantly expressed in kidney at
the outer mellula region containing medullary
thick ascending limb of Henle (mTAL) and
collecting tubules (Takeuchi et al. 1993b, 1994a).
Functional analysis has indicated that the
cloned EP; receptor can antagonize against
vasopressin V, receptor via inhibition of cyclic
AMP formation or an increase in cytosolic Ca**
(Takeuchi et al. 1994b, 1996a), providing a
molecular background to the previously report-
ed observation on the antagonism of PGE,
against the vasopressin-sensitive water/sodium
reabsorption via the cyclic AMP system
(Grantham and Orloff 1968). Vasodepressor
effect of PGE, has been thus suggested to be due
to the activation of EP; receptor causing
natriuresis. In EP; receptor, multiple isoforms
have been identified and the gene cloning has

shown that they are created by an alternative
splicing mechanism (Narumiya et al. 2001).
Any phathological change in expression of EP;
receptor has not been found. Role of EP; rece-
ptor in human hypertension remains to be stud-
ied.

Thiazide-sensitive Na-Cl cotransporter gene

Renal tubular Na reabsorptioin is very
important for electrolyte metabolism as well as
blood pressure regulation. Na is rebasorpted
at proximal tubules by around 709%; TAL by
159; cortical distal tubules (distal convoluted
tubule [DCT]) by 6-7%, and the following
cortical collecting tubules (CCT) by 2-39% of
filtered Na from glomeruli. At proximal
tubules, Na is reabsorpted coupled with various
substances such as proton, glucose, amino acids,
etc. At TAL, DCT and CCT, however, there
are their specific Na reabsorption mechanisms.
Furosemide-sensitive Na-K-2Cl cotransporter
(NKCC?2) couples with both K channel (ROMK,
in the luminal side) and Cl channel (CLCNKB, in
the basolateral side) is the key molecule for
NaCl reabsorption at TAL; thiazide-sensitive
Na-Cl cotransporter (TSC) is the one at DCT,
and epithelial type of Na channel (ENaC) is
another at CCT (Hebert 1999). Disorders of
these distal tubular Na reabsorption mecha-
nisms have been shown to cause Bartter’s syn-
drome, Gitelman’s syndrome and Liddle’s syn-
drome, respectively.

Gitelman’s syndrome (Gitelman et al. 1966)
is characterized by clinical findings such as
dehydration and frequent tetany, and by labora-
tory findings such as hypokalemic metabolic
alkalosis, secondary aldosteronism without high
blood pressure, hypomagnesemia, and hypocal-
ciuria. Since these findings are quite similar to
those observed under the chronic ingestion of
large amount of thiazide diuretics, this disorder
believed to be caused by a defect in the thiazide-
sensitive Na reabsorption at distal nephron. In
1996, mutations in TSC gene were identified in
Gitelman’s syndrome (Simon et al. 1996).
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Moreover, a mutation found in TSC was shown
to be well associated with familial Gitelman’s
syndrome (Takeuchi et al. 1996a), and later the
mutation was also shown to cause loss of func-
tion of TSC (Taniyama et al. 2000). TSC has
been thus shown to play an important role in
electrolyte metabolism and blood pressure regu-
lation. In a case of Gitelman’s syndrome, how-
ever, we did not identified any mutation in TSC
(Takeuchi et al. 1997b). It was suggested that
the other genetic defect, for instance, a genetic
defect in gene expression, could be involved in
the case, and we studied the renal TSC gene
expression mechanism.

TSC gene has been shown to be exclusively
expressed at DCT. To address the molecular
mechanism of this DCT-spscific localization of
TSC gene expression, we studied transcription
of rat TSC gene. The 5-FL of rat TSC gene
was cloned and its structure was shown to
contain such sequences as TATA box, Sp-1 site,
C/EBP sites, glucocorticoid-response element
(GRE), cyclic AMP-response element (CRE), etc.
(Taniyama et al. 2001a). Interestingly, we also
identified a putative binding site for hepatocyte
nuclear factor-3/folk head homologue-3, HFH-3
(Overdier et al. 1997), which was shown to be
specifically expressed at renal cortical distal
tubules. The 5-FL of TSC gene possessed
active transcription activity, and transgenic rats
harboring the rat 5-FL fused upstream of LacZ
gene represented the right localization of g-
galactosidase gene expression (derived from
LacZ gene) to DCT. The cloned 5-FL was
thus shown to have DCT-specific transcription
activity. We then further characterized the
transcription mechanism with reference to
HFH-3, and have indicated that an active
HFH-3 site is present at -400/-387. A
dominant-negative type of mutation of HFH-3
may possibly cause Gitelman’s syndrome or
some electrolyte/blood pressure disorders, and
creation of its aminal model would provide an
answer. Moreover, in response to dexameth-
azone and aldosterone, transcription activity of

TSC gene was shown to be enhanced
(Taniyama et al. 2000b). It could be interpreted
that an increase in TSC gene expression may be
involved at least in part in steroid-induced
hypertension.

Beyond hypertension

Hypertension has recently been character-
ized as one of the findings of “common disease
(multiple risk factor syndrome)” including
diabetes mellitus (DM), obesity, hyperlipidemia
etc., leading to atherosclerosis. Subjects with a
mutation in PPAR-y were shown to frequently
present DM with insulin resistance and hyper-
tension (Barroso et al. 1999), presumably indicat-
ing a common genetic background causing
hypertension and sugar/lipid metabolic dis-
orders. Especially, transcription factors
involved in lipid metabolism such as sterol
regulatory element binding protein (SREBP)
(Ikeda et al. 2001) would be another target for
understanding of a genetic background of com-
mon disease. For treatment of patients, under-
standing of molecular mechanism including
gene transcription mechanism underlying the
common disease will be more important. Sus-
ceptibility to hypertension or diabetes mellitus
may possibly be dissected according to a genetic
analysis of transcription factor, and the cost
effective individual treatment would be realized
under “tailor-made medicine”. Gene transcrip-
tion analysis has less been focussed in hyperten-
sion. To extend the scope of pathogenesis of
hypertension, however, transcription mechanism
of its candidate genes would be further explor-
ed.
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