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1)

Hypertension is a polygenic and multifactorial dis-

ease in which many physiologic blood-pressure re-

gulating systems are involved, unfortunately. In ap-

proximately 90% of hypertension the causes are

unknown1). However, it is well known that long-term

regulation of blood pressure is dependent upon renal

salt handling, thus blood pressure regulation and salt

homeostasis are tightly tuned in some pathologic

conditions2, 3). Vasoactive peptides are also key re-

gulators of blood pressure, for which they directly

modulate vascular tone or indirectly affect renal salt

balance4). The best-known vasoactive peptides include

the renin-angiotensin system, the endothelin system,

the kallikrein-kinin system, and the natriuretic peptide

system. The former two are related to elevating

blood pressure, whereas the latter two are engaged in

lowering it.

In vivo functions of these vasoactive peptide

systems could be effectively explored in transgenic
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and knockout animals5). Overexpression transgenesis

is performed by creating transgenic mice by injecting

a gene of interest into pronucleus of one-cell embryo.

Knockout study is to use gene targeting technology.

Briefly, recombinant ES cells that have targeting

vectors consisting of modified gene sequences and a

selectable marker are injected into blastocysts, where

they can contribute to the development of a chimera.

Through back-crossing of chimeric mice and sub-

sequent breeding of the heterozygotes, homozygous

null mice are generated. The processes creating

trangenic and knockout mice are shown in Fig. 1.

In this communication, I will focus on transgenic

and knockout animals created through genetic mani-

pulation of vasoactive peptide genes in relation to

hypertension. My intention is to introduce usefulness

of such models in hypertension study.

The Renin-Angiotensin System

The renin-angiotensin system (RAS) is one of the

best known for the regulation of blood pressure and
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sodium homeostasis. The individual component of this

system includes angiotensin (AT), renin, angiotensin-

converting enzyme (ACE), and angiotensin receptors.

The enzymatic reaction cascade is summarized in

Fig. 2. The final product of the RAS system AT II

consists of 8 amino acids. In response to AT II, both

the renal proximal tubules and intestinal epithelia

increase salt and water (re)absorption. Within the

adrenal it stimulates aldosterone production, which

facilitates sodium reabsorption in the aldosterone

sensitive distal nephron (ASDN)4). AT II increases

the resistance of afferent and efferent arterioles of

the kidney as well as peripheral vascular resistance.

Transgenic models

The transgenic mice of both rat angiotensinogen

and rat renin under the mouse metallothionein-1 pro-

motor develop hypertension, whereas the blood pres-

sure obtained from the transgenic mice with either

rat angiotensinogen or rat renin gene is not different

from that of wild-type controls6). Similar results were

obtained in the hybrid carrying either the human

angiotensinogen and human renin genes7). These

double transgenic mice show an increased plasma AT

II and renal lesions exhibited in hypertension. Mullins

and colleagues8) introduced the mouse Ren-2 gene (a

C56BL/6 strain has one copy of renin gene (Ren-1c)

per haploid genome, and a 129 strain naturally has

Fig. 1. Creation of transgenic and knockout mice. (A) The transgene is injected into male
pronucleus of one-cell embryo, then transferred into a pseudopregnant mother. (B) The
targeting construct containing a selection cassette (PGK-Neo) is electroporated into
ES cells. Homologously recombined ES cells are injected into a recipient blastocyst,
which is transferred into a pseudopregnant mother. The chimeric mice are back-
crossed with wild type mice. PA: polyadenylation site.
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two closely linked renin genes (Ren-1d and Ren-2))

into normotensive rats, thus creating a transgenic rat

model that expresses high levels of Ren-2 mRNA in

many sites. In these rats fulminant hypertension de-

velops between 5 and 10 weeks of age, but kidney

and plasma renin levels are suppressed, suggesting

low-renin hypertension.

Knockout mice

Homozygous disruption of the angiotensinogen gene

not only causes marked hypotension, but also exhibits

dilated cardiomyopathy, impaired blood brain barrier

function, and severe renal abnormalities including

medullary atrophy, arterial wall thickening, and in-

terstitial fibrosis9-12). Such abnormalities facilitate an

increased mortality in these knockouts. Ishida et al13)

rescued most of the phenotypes of the angioten-

sinogen null mice by generating a new line of mice,

which is produced by crossing the transgenics he-

terozygous for the mouse angiotensinogen gene under

the control of a mouse metallothinein promotor with

angiotensinogen null homozygotes. The rescued mice

showed comparable values of plasma AT I compared

with wild type mice, confirming a definite role of

angiotensinogen in blood pressure control. Ren-1c de-

ficient mice show neither detectable levels of plasma

renin activity nor plasma AT I, lowered blood pres-

sure 20-30 mmHg less than normal, increased urine

and drinking volume, and altered renal morphology as

those observed in angiotensinogen-deficient mice14).

The null mutants, therefore, clearly show an classical

role of renin in generating AT I and maintaining

blood pressure. On the other hand, Ren-1d knockout

mice have decreased blood pressure in females but

not in males15), whereas disruption of the Ren-2 gene

does not lead to any changes in blood pressure16).

These findings suggest that some mouse strains with

two renin genes have genetic redundancy. ACE null

mice show a marked reduction (-30 mmHg) in blood

pressure and maldevelopment of the kidney observed

in angiotensinogen knockouts and Ren-1 knockouts17).

Because testis-specific promotor is located within

intron 12 of the ACE gene, these null mutants also

show male fertility. Esther et al18) elegantly created a

new kind of ACE null mice (tissue null), which have

one-third levels of circulating plasma ACE activity

but have no tissue-bound enzyme. The phenotypes of

tissue null mice are similar to those of the ACE null

mice, i.e. low blood pressure, renal vascular thicken-

ing, and a urine concentrating defect. But they show

normal development of the kidney, hence retain nor-

mal renal function. AT-1a receptor knockout is mo-

derately hypotensive and has a milder degree of renal

abnormalities than angiotensinogen and ACE- deficient

mice19). Normal blood pressure and renal function are

evident in mice lacking the AT-1b receptor20).

Therefore, it is likely that AT-1a is a primary recep-

tor for AT II signaling. AT-1a/AT-1b double knock-

outs show a similar phenotype of angiotensinogen

and ACE-deficient mice21). In contrast to the lowering

of blood pressure in AT-1a knockout mice, a modest

elevation in blood pressure was reported in mice

lacking the AT-2 receptor, suggesting a counteractive

role of AT-2 receptor in AT-1 receptor-mediated

signaling of AT II22). Collectively, the RAS is proven

to be indispensible for physiologic regulation of blood

pressure and for proper development of the kidney.

The Kallikrein-Kinin System

The main components of the kallikrein-kinin sys-

tem (KKS) are the substrate kininogen, the enzyme

kallikrein, and the effector kinin (lys-bradykinin or

bradykinin). The rat and mouse produce bradykinin

and all other species generate lys-badykinin (or

kallidin). Bradykinin is consists of 9 amino acids and

kallidin has 10 amino acids with lysine added to

bradykinin. The reaction cascade is summarized in

Fig. 2. The kinin binds to two types of receptors, B1

and B2. The B2 receptor is widely distributed in

tissues and is stimulated by both bradykinin and
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lys-bradykinin, while the B1 receptor is highly in-

ducible by inflammatory mediators and binds to the

fragments cleaved by kininase I4). Intravascular injec-

tion of bradykinin causes a decrease in total peri-

pheral vascular resistance and systemic blood pres-

sure, indicating a potent vasodilator23). The local in-

fusion of bradykinin into kidney increases sodium and

water excretion24). However, the pharmacological

blokcade of the B2 receptor induces arterial hyper-

tension with sodium and water retention25). These

results clearly indicate that the KKS participates in

the regulation of blood pressure and fluid homeo-

stasis.

Transgenic models

Transgenic mice overexpressing human tissue

kallikrein under the promotor of the mouse metallo-

thionein and albumin genes show a sustained reduc-

tion in blood pressure throughout their life sapn,

indicating that they lack sufficient compensatory me-

chanisms to reverse the the hypotensive effect of

kallikrein26). Wang et al27) created transgenic mice

that harbor the human B2 receptor transgene. The

mice also show chronic hypotension and enhanced

renal functions such as renal plasma flow and glo-

merular filtration rate28). Overexpression of rat B1

receptor shows baseline normotension but induces

hypertension and inflammatory responses to a B1

agonist29).

Knockout models

Kininogen-deficient mice have not been developed

(probably because of the unexpected existance of two

genes encoding kallikrein sensitive kininogen). In-

stead, Brown Norway-Katholiek rats, which have

very low levels of low molecular weight kininogen in

plasma and do not export synthesized kininogen, are

used as a kininogen-deficient model. The rats are

normotensive on a normal diet but show hypertensive

responses when challenged with salt loading30). Tis-

sue kallikrein-deficient mice present a reduced cardiac

function, with no changes in blood pressure despite a

decrease in renal and urinary kallikrein activity, sug-

gesting that a low renal kallikrein synthesis is not a

primary cause of high blood pressure but rather a

consequence of hypertension31). The B2 receptor

knockout is reported to show an elevated blood

pressure under basal condition, an exaggerated pres-

Fig. 2. The simplified enzymatic cascades of the vasoactive peptides : the renin-
angiotensin system, the kallikrein-kinin system, the natriuretic peptide
system, and the endothelin system. ACE : angiotensin-converting enzyme.
ATR : angiotensin receptor. B : bradykinin receptor. NEP : neutral endo-
peptidase. ANP : atrial natriuretic peptide. NPR : natriuretic peptide re-
ceptor. ET: endothelin. ECE : endothelin-converting enzyme. ETR : endo-
thelin receptor.
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sure response to dietary salt loading and an dilated

cardiomyopathy32, 33). However, Milia et al34) have

found that the basal blood pressure is similar

between the wild-type and B2 receptor knockouts

and that high salt intake does not affect the blood

pressure in B2 receptor knockouts, which suggests

that an adaptation to the loss of B2 receptor function

may occur. Therefore, the question as to whether or

not B2 receptor plays a significant role in hyper-

tension under basal condition and in salt-sensitive

hypertension remains to be answered. B1 receptor

gene knockout mice are normotensive and show

altered inflammatory responses and hypoalgesia35).

The Natriuretic Peptide System

The natriuretic peptide system is composed of atri-

al (ANP), brain (BNP), and C-type (CNP) natriuretic

peptides. The reaction cascade is summarized in Fig.

2. ANP contains 28 amino acids and is the predo-

minant member of the three. The physiologic action

of ANP includes the reduction of intravascular vol-

ume and inhibition of sodium reabsorption in the

renal medullary collecting duct4). The acute hypo-

tensive effect of ANP is mediated primarily by a

decrease in cardiac output, which is due to a re-

duction in total blood volume36). The chronic effects

of ANP on blood pressure and salt balance are ham-

pered by lack of suitable natural models of ANP-

induced diseases and the unavailability of selective

pharmacological receptor antagonists37). The actions of

BNP are quantitatively similar to those of ANP. In

the kidney alternate processing of pro-ANP generates

a 32-amino acid peptide urodilatin, which primarily

regulates sodium transport in the distal nephron38).

The biological function of the natriuretic peptides is

mediated by natriuretic peptide receptor-A (NPR-A)

and NPR-B. NPR-C is generally thought to be a

clearance receptor.

Transgenic models

Steinhelper et al39) generated ANP-overexpressing

trangenic mice, in which a fusion gene comprising

the mouse transthyretin promoter and mouse atrial

natriuretic factor structural sequences was designed

so as to target hormone expression to the liver. The

transgenic animals manifest 5-10 fold elevation of

plasma ANP and life-long hypotension relative to

nontransgenic controls. This difference in arterial

pressure is not accompanied by significant changes in

several other physiological parameters such as glo-

merular filtration rate. Therefore, it is likely that the

hypotensive effect of ANP is mediated by direct

cardiovascular action of the hormone.

Knockout models

The ANP gene knockout mice are hypertensive

even on diets containing very little salt as well as

normal salt diets40). This is due to elevated total

peripheral resistance because the null mutants have

comparable levels of heart rate, cardiac output, and

stroke volume compared with the wild-type41). They

also show salt-sensitive hypertension42). It seems that

ANP acts to lower blood pressure and that under

conditions of normal salt intake it is not essential for

normal salt balance, but is one of several natriuretic

mechanisms. NPR-A knockout models have been

developed by two independent groups. The two

models present a significant and quantitatively similar

increase in basal arterial pressure compared with

their wild-type controls, thereby indicating a funda-

mental role of the NPR-A receptor in mediating the

chronic hypotensive effect of ANP. However, the null

mice from Oliver et al43) develop high mortality rates

at 6 months of age in association with severe cardiac

hypertrophy and sudden death, whereas the knockout

mice from Lopez et al44) do not show such changes

in cardiac morphology and mortality. The underlying
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cause for the differences between the two mutant

types is not known. Interestingly, the knockout mice

from the Lopez group show the phenotype of salt-

resistant hypertension, i.e. the blood pressure remains

elevated and unchanged in response to either minimal

or high salt diets. Aldosterone and ANP concen-

trations are not affected in these null mutants. NPR-

C knockouts show a slight increase in blood pressure,

but unexpectedly have skeletal deformities45).

The Endothelin System

The endothelins (ET) have three isopeptides, ET-1,

ET-2, and ET-3, all consisting of 21-amino acids.

Among these the actions of ET-1 are best known.

ET-1 is the most potent vasoconsrictor studied in

vitro, 30-50 times more potent than norepinephrine or

angiotensin II. The important sites of ET-1 generation

are endothelial cells and the kidney medulla, where

ET-1 is predominently secreted into the basolateral

side. Fig 2 shows the processes of ET production.

ET-1 exerts its major effects through activation of A

type (ETRA) or B type (ETRB) receptor. The ETRA

is preferentially expressed in vascular smooth muscle-

cells and induces vasoconstriction and mitogenesis,

whereas ETRB is widely expressed in endothelial cells

and renal epithelium and mediates vasodilation and the

effects of natriuresis and diuresis 46).

Transgenic models

Overexpression of the human ET-1 gene under the

control of its natural promoter is associated with an

age-dependent development of renal interstitial fi-

brosis and glomerulosclerosis, leading to a progres-

sive decrease in glomerular filtration rate without

alterations of blood pressure47). This blood pres-

sure-independent fibrotic remodeling of the kidney

occurs despite a rather low overexpresion rate of

ET-1. A similar observation has also been made in

transgenic rats overexpressing the human ET-2 gene

under control of its own promoter48). However, the

extent of kidney fibrosis was less pronounced and

mainly restricted to the glomeruli. This is most pro-

bably due to the preferential expression of the trans-

gene within the glomeruli in ET-2 transgenic rats,

whereas the transgene is ubiquitously expressed

within the entire kidney of ET-1 transgenic mice.

The absence of hypertension in these transgenic

animal models of the ET system was unexpected,

since an i.v. injection of ET-1 or ET-2 caused a

very sustained vasoconstriction. The lack of hyper-

tension is probably due to the compensatory acti-

vation of strong vasodilator systems such as the NO

system. Amiri et al49) targeted expression of the

human ET-1 gene to enodothelium by using Tie2

promotor in order to directly test the role of endo-

thelium-derived ET-1. The resulting transgenic mice

exhibited 8-fold increase in ET-1 plasma levels than

wild type mice but no significant elevation in blood

pressure.

Conventional Knockout models

Homozygous ET-1 knockout mice die immediately

after birth due to craniopharyngeal malformations.

Unexpectedly, heterozygous ET-1 knockout mice

show an elevated blood pressure with higher Pco2

and lower Po2 compared to wild-types, suggesting

that ET-1 is involved in cardiovascular and re-

spiratory homeostasis50). An elevated blood pressure

is also detected in ETRB knockout mice, but the

major phenotype in these mice is the absence of

enteric ganglionic cells, leading to a congenital me-

gacolon with early postnatal death. To resolve this

perinatal problem, Gariepy et al51) rescued ETRB-

deficient rats by selective expression of ETRB re-

ceptors in intestinal ganglion cells. This can be

achieved by cross-breeding the natural ETRB-de-

ficient rats with the transgenic rats overexpressing

the ETRB gene under the control of the dopamine

-hydroxylase gene promoter, which directs ETRBβ
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expression to enteric nerve cells. The rescued ETRB

rats exhibit increased circulating ET-1 and are

hypertensive. The hypertension is salt-sensitive, indi-

cating that the regulation of salt excretion in the

kidneys is partially ETRB-dependent. ETRA knockout

mice are characterized by severe craniofacial defor-

mities and defects in the cardiovascular outflow tract,

so they die shortly after birth52). ECE-1 null mice

exhibit craniofacial and cardiac abnormalities virtually

identical to the defects seen in ET-1 and ETRA-

deficient mice53). Therefore, null micefrom all com-

ponents of the ET system show lethal phenotypes,

hence it is actually impossible to examine the effects

of ET on hypertension and salt homeostasis.

Conditional knockout models

In order to circumvent these embryonic lethalities,

a conditional knockout strategy has been devised, in

which gene targeting can be spatially and temporally

regulated54, 55). The approach involves Cre/loxP re-

combination. Cre recombinase is an enzyme that is

produced by bacteriophage P1 and is not normally

present in mammalian cells. Cre mediates recom-

bination at 34-base pair sequences, called loxP. If

two loxP sites are inserted in the same orientation

into the DNA flanking a sequence of interest, then

Cre will mediate recombination between the loxP

sites. The DNA segment between two loxP sites will

be excised, leaving behind a single loxP site in the

original DNA. Cre/loxP recombination, therefore, can

be used to create deletions at any desired location in

the genome. To produce tissue-specific gene knock-

outs, two strains of mice are required. One strain

expresses Cre recombinase under the control of the

promoter of a tissue-specific gene. Typically, this

strain is produced by conventional transgenic me-

thods described previously. The second mouse strain

contains two loxP sites flanking the DNA segment to

be excised. The loxP sites are inserted into introns

flanking an essential exon(s) of the gene of interest

by using a conventional gene targeting technique.

Since the loxP sites usually do not affect gene ex-

pression, the resulting “floxed” mice have a wild-type

phenotype. Next, mating of the two mouse lines

should result in Cre-mediated gene deletion only in

those cells in which the promotor is active. Fig. 3

briefly depicts the processes of conditional gene

targeting based on Cre/loxP technology.

Ahn et al56) has recently developed renal collecting

duct-specific knockouts of ET-1 by using a Cre/loxP

technique. The transgenic mice with aquaporin-2

 

Fig. 3. Conditional gene targeting by Cre/loxP recombination system. (A). Cre recombinase excises the
loxP-flanked E2 (exon 2). Excised DNA is degraded by cellular nucleases. The promotor of AQP2 will
drive Cre recombinase to the collecting duct. (B). A floxed mouse and a Cre mouse are respectively
generated by the technique described in Fig. 1. Mating of the two mice results in deletion of E2 in the
collecting duct only.
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promotor-driven Cre recombinase, in which Cre is

uniquiely expressed in the collecting duct, were

mated with floxed mice which have loxP-flanked

exon 2 of ET-1 gene. The resulting double trans-

genic mice are devoid of ET-1 in the collecting duct

and grow normally. Kidney structure and function of

these mice are not different from those of wild type

mice. Plasma ET-1, renin, and urinary aldosterone

excretion are not changed, but urinary ET-1 ex-

cretion is moderately decreased in the knockouts.

They are hypertensive and the hypertension is more

aggravated by a high salt diet, suggesting salt-

sensitive hypertension. Thus, it is demonstrated that

renal ET-1 is an important physiologic regulator of

systemic blood pressure and sodium handling, possi-

bly through ETRB. Kidney-specific or endothelium-s

pecific knockouts of ETRA or ETRB gene have not

been reported yet.

Conclusion

In vivo physiologic function of a system can be

clearly understood in naturally-occurring model

animals or those created through genetic manipulation

of the genes of the system. Transgenic or knockout

mice models of the vasoactive peptide system (VPS)

have been widely used to study whether the VPS is

actively involved in blood pressure regulation and salt

homeostasis. From these models it became clear that

the VPS plays an important role in blood pressure

regulation and salt homeostasis. But limitations of

such models also arise because of undesirable and

uncontrollable effects on other systems. Tissue-speci-

fic gene targeting can be an alternative, although

laborious and time-consuming. It should also be born

in mind that many other physiologic systems such as

NO and prostanoids also interact with them for the

regulation of blood pressure and/or salt homeostasis.
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