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Cellular and functional aspects of the renal 
kallikrein system in health and disease 
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The kallikrein kinin system is a tissue-derived system with potent renal and 
cardiovascular effects. Within the kidney, the components of the kallikrein 
kinin system (kallikrein, kininogen, kinins, kininases, kinin receptors and 
mediators/modulators) originate from or are located in discrete segments of 
the nephron in highly specialized cells which determine its physiological 
effects. The kallikrein system acts on the kidney in a paracrine fashion in two 
anatomical microenvironments where the system regulates glomerular 
function, renal hemodynamics, and salt and water excretion. Impairment of the 
renal kallikrein system contributes to the development of hypertension, in 
particular to the salt-sensitive hypertension, and other pathologies like 
diabetes. There are several links between the vasodepressor kallikrein system 
and the vasopressor renin system which are relevant to normal renal function 
and to the pathophysiology of hypertension and renal diseases. Local induction 
of kininase II or angiotensin converting enzyme in the kidney could be a novel 
mechanism contributing to the renal damage in hypertension and other renal 
diseases. This review evaluates cellular and functional aspects of the renal 
kallikrein system with emphasis placed on the cellular localization of its 
components along the nephron, the links to other vasoactive systems, and the 
contribution of the system to the pathogenesis of hypertension. 

Key terms: angiotensin I-converting enzyme, aprotinin, bradykinin receptors, 
cyclooxygenases, hypertension, kallikrein 

I N T R O D U C T I O N 

C u m u l a t i v e e v i d e n c e s u b s t a n t i a t e s t h e 
kal l ikre in kinin sys tem (KKS) as a t issue-
der ived vasoact ive sys tem with potent renal 
and card iovascular effects. The renal K K S is 
composed of: (i) kal l ikrein, the bradykinin 
g e n e r a t i n g e n z y m e ; ( i i ) k i n i n o g e n , t h e 
s u b s t r a t e ; ( i i i ) b r a d y k i n i n s , t he e f f ec to r 
hormones ; (iv) k in inases , the metabol iz ing 
enzymes ; and (v) an u n k n o w n n u m b e r of 

e n z y m e ac t iva tors and inh ib i to rs . T h e final 
effects of b radykin in (BK) are a resul t of 
i ts l o c a l p r o d u c t i o n d e t e r m i n e d by t h e 
interact ion b e t w e e n the ac t ive e n z y m e and 
the subs t ra te ; its half-l ife d e t e r m i n e d by the 
b a l a n c e b e t w e e n p r o d u c t i o n a n d 
degrada t ion , and finally by the p resence of 
B K recep tors and assoc ia ted t r ansduc t ion 
signal m e c h a n i s m s . T h e format ion of BK 
r e q u i r e s t h e p r e s e n c e of t h e v a r i o u s 
c o m p o n e n t s of the K K S at the s a m e or 
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closely re la ted, access ib le s i tes . Wi th the 
convic t ion that the eva lua t ion of the renal 
K K S c r i t i c a l l y d e p e n d s on t h e p r e c i s e 
loca l iza t ion of its c o m p o n e n t s wi thin the 
k idney , we h a v e focused our s tudies on the 
morphofunc t iona l bases of the K K S . 

S ince severa l a spec t s of the K K S are 
addressed by p rominen t author i t ies of the 
field in this i ssue of Bio logica l Resea rch 
(12, 18, 20 , 4 0 , 6 1 , 74 , 85 , 98 , 100), this 
r e v i e w wi l l be r e s t r i c t e d on ly to a few 
se lec ted ce l lu la r and funct ional aspec ts of 
the kal l ikre in sys tem. 

A s h o m a g e to o n e of t h e m a n y 
o u t s t a n d i n g f e a t u r e s of D r H e c t o r R 
Croxa t to , name ly his en thus i a sm to recrui t 
s tudents to sc ience , in par t icular to the field 
of v a s o a c t i v e a g e n t s , t h i s r e v i e w w a s 
wri t ten in co l l abo ra t i on wi th a g r o u p of 
s t u d e n t s c u r r e n t l y w o r k i n g in o u r 
labora tory . 

R E N A L K A L L I K R E I N 

K a l l i k r e i n ( E C 3 . 4 . 2 1 . 3 5 ) is a s e r i n e 
protease (27-40 kDa , p i = 4) codified by the 
t r u e k a l l i k r e i n g e n e o r KLK1, w h i c h 
message encodes a preprokal l ikrein and the 
p r o e n z y m e b e c o m e s fully a c t i v e by the 

r e m o v a l of t h e z y m o g e n p e p t i d e by an 
unknown yet proteolyt ic e n z y m e . The act ive 
e n z y m e cleaves its physio logica l substrate, 
k ininogen, to re lease lys-BK or B K (18). 

The connecting tubule cells: 
the site of origin of renal kallikrein. 

The anatomical localization of kallikrein has 
been a subject of much controversy for many 
years since it has been described in proximal 
tubules, distal convoluted tubules, glomeruli , 
peripolar cells, outer medullary and papillary 
ducts (reviewed in 119). Nowadays , there is 
b roade r a g r e e m e n t on the loca l iza t ion of 
renal kallikrein within the connect ing tubule 
cells (CNTc) , product of concurrent results 
o b t a i n e d f r o m m i c r o d i s s e c t e d n e p h r o n 
segments (73 , 89) and immunoloca l iza t ion 
(37, 117), yet the site of expression of the 
kallikrein gene is still controversial (17, 25, 
42 , 125) (vide infra). Wi th ul t ras t ructural 
immunohis tochemist ry , we demonstrated the 
p r e s e n c e of ka l l i k re in e x c l u s i v e l y in the 
C N T c (117). This cell type - toge the r with the 
intercalated cell ( I c ) - are the components of 
t h e c o n n e c t i n g t u b u l e ( C N T ) , a n o v e l 
nephron segment located be tween the distal 
convoluted tubule and the cortical collecting 
duct (64, 65) (Fig 1). The structural features 

DCTc CNTc Ic CDc 

Fig 1. Cellular components of distal nephron post-macula densa. The distal convoluted tubule 
contains a single type of cell (DCTc); the connecting tubule, connecting tubule cell (CNTc) and 
intercalated cell (Ic); the cortical collecting duct (CCD), collecting duct cell (CDc, formerly 
principal cell) and shares Ic with the connect ing tubule. Altogether, connect ing tubule and 
collecting duct contain main components of kallikrein system (kallikrein, kininogen, kininases and 
BK-B2 receptors), have similar morphology at the light microscope and can be differentiated via 
specific markers (see Fig 3B). Ec, endothelial cell. 
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of C N T c are a well developed biosynthetic 
appara tus con ta in ing kal l ikre in , po t a s s ium 
secre tory channe l s in the luminal p l a s m a 
membrane (77) and abundant Na ,K-ATPase 
in the basal p l a sma membrane (60). Since 
k a l l i k r e i n is f o u n d in t h e b i o s y n t h e t i c 
appa ra tus , we p r o p o s e d that ka l l ikre in is 
synthesized in a unique cell type in the rat 
kidney, the C N T c (117) (Fig 2). A similar 
d i s t r i bu t i on is p r e s e n t in n o r m a l h u m a n 
kidneys (118). 

R e m a r k a b l y , the k a l l i k r e i n - c o n t a i n i n g 
c e l l s e s t a b l i s h a c l o s e a n d e x t e n s i v e 
anatomical contact with the afferent arteriole 
of the jux tag lomeru la r appara tus (118) (Figs 
3A and 4 ) . T h i s a n a t o m i c a l r e l a t i o n s h i p 
b e t w e e n t u b u l a r and v a s c u l a r s t r u c t u r e s 
containing kall ikrein and renin, observed in 
rat and h u m a n k idneys (4, 105), calls for a 
physiological function and is consis tent with 
a p a r a c r i n e func t ion of the K K S in the 
r e g u l a t i o n of r e n a l a n d g l o m e r u l a r 
hemodynamics , and renin release (119) . It is 

ROMK 

Na,K-ATPase 

Fig 2. Intracellular processing pathway of kallikrein in 
connecting tubule cell. Left side, ultrastructural features: 
smooth luminal surface bear ing K + secretory channels 
(ROMK); well developed Golgi apparatus and trans Golgi 
ne twork a round lower part of nuc leus ; ves ic les wi th 
electron lucent content near to Golgi and close to plasma 
membrane; basal plasma membrane, with abundant Na,K-
A T P a s e , forms prominent basal infoldings containing rod-
shaped e longa ted mi tochondr i a , in c lose contac t wi th 
fenestrated endothel ium from capillaries. The presence of 
R O M K in ap ica l m e m b r a n e and of N a , K - A T P a s e in 
basolateral membrane confers to this cell type a prominent 
role in K + secretion. Right side, subcellular distribution of 
k a l l i k r e i n and h y p o t h e t i c a l i n t r a c e l l u l a r p r o c e s s i n g 
pa thway : rough e n d o p l a s m i c re t i cu lum (RER) , Golgi 
complex and trans Golgi network, and secretory vesicles 
(sv) trafficking to luminal and basal plasma membranes. 

i n t e r e s t i n g to n o t e t ha t b o t h r en in a n d 
kall ikrein sys tems are l inked u p at several 
levels, as will be d iscussed later. 

In cont ras t to the ka l l ikre in loca l iza t ion 
restr ic ted to the C N T c , in situ hybr id iza t ion 
m e t h o d s h a v e s h o w n t h e p r e s e n c e of 
kal l ikre in m R N A at the vascu la r po le of the 
g lomeru l i and, to a lesser deg ree , in the 
d is ta l tubu la r ce l ls of rat k i d n e y s (125) , 
whe rea s kal l ikre in m R N A has been shown 
in distal tubu les , co l l ec t ing duc t s , loops of 
H e n l e and j u x t a g l o m e r u l a r ce l ls of human 
k idneys (17) . G iven this d i s c repancy , we 
r e - e x a m i n e d k a l l i k r e i n g e n e (KLKJ) 
express ion and renal ka l l ikre in local iza t ion 
in rat k idney by us ing in situ hybr id iza t ion 
and i m m u n o h i s t o c h e m i s t r y . W i t h g e n e -
specific o l igonuc leo t ides and c R N A rKLKI 
p r o b e s and a n t i b o d i e s , w e d e m o n s t r a t e d 
rKLKI gene express ion and renal kal l ikre in 
loca l iza t ion exc lus ive ly in the C N T , and 
lack of both gene express ion and e n z y m e 
local izat ion in g lomeru l i , loops of Hen le , 
c o l l e c t i n g d u c t s o r a r t e r i o l e s ( 1 1 5 ) . 
T h e r e f o r e , k a l l i k r e i n m R N A r e p o r t e d 
p rev ious ly on other neph ron segmen t s or 
g l o m e r u l i m a y r e p r e s e n t c r o s s - h y b r i d ­
i z a t i o n w i t h a n o t h e r m e m b e r of t h e 
kal l ikrein gene family. 

Intracellular distribution, polarity 
and sorting of kallikrein. 

T h e in t race l lu la r d i s t r ibu t ion , sor t ing and 
p o l a r i t y of t h e s e c r e t o r y p a t h w a y of 
k a l l i k r e i n c o n c e r n w i t h i m p o r t a n t ce l l 
b io logy issues , s ince they dea l wi th " h o w " 
and "from w h e r e " the e n z y m e exi t s from 
the C N T c . A l t h o u g h t h e s e i s sues are of 
o b v i o u s i m p o r t a n c e to u n d e r s t a n d t h e 
r e g u l a t i o n of t h e e n z y m e , t h e y h a v e 
received little a t tent ion in the pas t . 

Based on the ul t ras t ructural subcel lular 
distr ibution of kal l ikrein, we hypothes ized 
that the e n z y m e is sorted to both the apical 
and basolateral poles of the C N T c , where 
c o u l d ex i t t he ce l l a n d / o r r e m a i n as a 
membrane -bound e n z y m e . Th i s hypothes is 
w a s in a g r e e m e n t w i t h t h e e n z y m a t i c 
ac t iv i ty o b s e r v e d in subce l lu l a r f rac t ions 
( 1 1 , 123, 126), as well as with the results of 
s t u d i e s on i s o l a t e d p e r f u s e d k i d n e y s 
s h o w i n g k a l l i k r e i n in b o t h u r i n a r y and 
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Fig 3. Cellular distribution of components of kallikrein system and mediators in the kidney. A. Axial section of radial cortical artery 
(R). afferent arteriole (AA), corresponding glomerulus (G) and proximal tubule (P) at urinary pole of glomerulus. Connecting tubule 
immunostained for kallikrein (asterisks) establishes close contact with AA. B. Cellular characteristics of distal nephron and differential 
distribution of cell markers. Four cell types marked with arabic numbers: 1, DCT cell containing Na,K-ATPase in basal portion; 2, Ic 
devoid of NA.K-ATPase and kallikrein; 3, CD cell with Na,K-ATPase in basal portion but smaller in size than DCT cell; 4, CNTc with 
kallikrein in cytoplasm and apical pole, and Na,K-ATPase in basal portion; in addition, CNTc contains ROMK in luminal membrane 
(inset). Note that different cell types are intermingled in this segment of the nephron, making it difficult to differentiate them without 
cell markers. C. Distribution of exogenous aprotinin in kidney. Aprotinin concentrated in endocytotic pathway of proximal tubules 
(asterisks) and in connecting tubule cells (arrows), the latter distribution partially explaining the renal effects of aprotinin, whereas the 
former one suggests metabolism in proximal tubules. D. ACE in kidney. ACE distributed in apical pole of proximal tubule cells, and 
also induced in tubule interstitial space in hypertensive kidneys (arrow in inset). E-F. Cellular distribution of BK-B2 receptor (E) and of 
bradykinin antagonist HOE-140 (F). BK-B2 receptors concentrated in collecting duct (E), mainly in luminal pole of cells (arrow in 
inset). HOE-140 (injected in vivo) displays similar distribution in collecting ducts (F), but its cellular distribution is heterogeneous: 
present at luminal pole (single arrow) in some collecting cells, while in intracellular space in other collecting cells, suggesting 
internalization of the antagonist. Within the cell, HOE-140 remains for up to 4 h, indicating sequestration of the molecule, an 
observation which may account for long-lasting effect of the antagonist in vivo. G-H. Distribution of COX-2 in postnatal (G) and adult 
(H) kidneys. Cyclooxygenase-2 present exclusively in TAL segment of young and adult rats, but more abundant in postnatal period (G) 
than in adult stage (H), a difference suggesting an important role of COX-2 in postnatal development. 
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Kininogen 

ACE 

Fig 4. Scheme of nephron point ing to a novel tubulo-
vascular relationship relevant to the function of kallikrein 
system. Anatomical relation between connect ing tubule 
and j u x t a g l o m e r u l a r a p p a r a t u s , c o m p a t i b l e w i t h 
observations in human and rats showing that connecting 
tubule consistently establishes close contact with afferent 
arteriole, thus providing anatomical bases for interaction 
between kallikrein and renin systems, and to contribution 
of kal l ikrein sys tem to g lomeru la r function and renal 
h e m o d y n a m i c s . The o the r nephron m i c r o e n v i r o n m e n t 
related to excretory function of kallikrein system is CNT-
CCD, which provides support for role of the system in 
sodium and water excretion. AA, afferent arteriole; EA, 
efferent arteriole; G, g lomeru lus ; PT, proximal tubule; 
TAL, thick ascending l imb of Henle ' s loop; DCT, distal 
convoluted tubule; CNT, connecting tubule; CCD, cortical 
collecting duct; M C D , medullary collecting duct; COX-1 , 
cyclooxygenase 1; COX-2, cyclooxygenase 2; B2, type 2 
bradykinin receptor. Along the nephron, main localization 
of kallikrein (CNT), kininogen (CCD), BK-B2 receptors 
(AA, C C D , M C D ) , k in inase I I /ACE (PT) , COX-1 (G, 
CCD, MCD), COX-2 (TAL), their functional implications 
being discussed in the text. 

venous effluents (10, 7 8 , 94 , 113), and in the 
renal lymph (90) . T h e hypothes is has been 
confirmed recent ly in Mad in Darby canine 
k idney ( M D C K ) distal tubule cel ls (1) , a 
we l l e s t a b l i s h e d m o d e l for s t u d y i n g the 
polarity and sort ing of secret ion. A b e et al 
(1) descr ibed the synthesis of prokal l ikrein 
in M D C K c e l l s t r a n s f e c t e d w i t h r a t 
kallikrein c D N A and its secretion into both 
the apica l and baso la te ra l po les in a 4:1 
rat io. Al though extrapolat ion to secretion in 
vivo s h o u l d b e d o n e c a u t i o u s l y , t h i s 
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COX-1 secretory rat io suggests that a cons iderable 
amount of kal l ikrein could be thus released 
to the interstitial space and c i rcula t ion. 

L i k e the s e c r e t i o n , t h e a c t i v a t i o n of 
kal l ikre in appears to b e po la r ized , s ince the 
venous outf low of isolated k idneys con ta ins 
9 0 % of p r o k a l l i k r e i n , w h e r e a s the u r i n e 
c o n t a i n s o n l y 4 0 % of p r o k a l l i k r e i n , 
sugges t ing a differential ac t iva t ion of the 
e n z y m e (10 , 94) . In any event , kal l ikre in 
exi t ing the cell th rough the lumina l or basal 
s ide wou ld be cr i t ical ly loca ted to act on 
tubular or interst i t ia l k in inogen genera t ing 
BK, which in turn is able to inf luence renal 
f u n c t i o n v i a n i t r i c o x i d e ( N O ) a n d 
a rach idon ic acid me tabo l i t e s (105) . 

Other impor tan t issue not yet e luc idated 
for renal ka l l ikre in is w h e t h e r its secret ion 
fo l lows the cons t i t u t i ve or t h e r egu la t ed 
p a t h w a y . P ro t e in s sec re t ed cons t i t u t i ve ly 
a r e r e l e a s e d in a c o n t i n u o u s f a s h i o n 
c o m m e n s u r a t e to the rate of syn thes i s and 
turnover , whereas the regu la ted pro te ins are 
p a c k a g e d in a c o n c e n t r a t e d f o r m i n t o 
secre tory g r anu l e s and a re r e l ea sed only 
upon s t imula t ion of that par t i cu la r cel l . T h e 
mos t p rominen t morpho log ica l e l emen t s of 
t h e l a t t e r p a t h w a y a r e t h e s e c r e t o r y 
g r a n u l e s t h e m s e l v e s , a n d b o t h C N T c 
(conta in ing ka l l ik re in) and co l lec t ing duct 
c e l l s ( c o n t a i n i n g k i n i n o g e n ) l a c k t h e 
c lass ical secretory e l ec t ron -dense g ranules , 
sugges t ing that the secre t ion of kal l ikre in 
and k in inogen in the k idney is cons t i tu t ive . 
T h i s o b s e r v a t i o n r a i s e s a n a p p a r e n t 
c o n t r a d i c t i o n w i t h t h e m u l t i p l e f a c t o r s 
known to regula te the re lease of kal l ikre in 
(vide infra). H o w e v e r , t h e c o m m o n l y 
r e fe r r ed to a s " c o n s t i t u t i v e " p a t h w a y is 
t ight ly regula ted and can be m o d u l a t e d by 
e x t r a c e l l u l a r s t i m u l i ( 6 3 ) . F i n a l l y , 
k a l l i k r e i n h a s b e e n c h a r a c t e r i z e d as a 
m e m b r a n e - b o u n d e n z y m e , s ince it is found 
in p u r i f i e d m e m b r a n e f r a c t i o n s a n d 
de te rgen ts are requ i red for its solubi l iza t ion 
(126) , bu t its a n c h o r a g e to the m e m b r a n e 
r ema ins largely u n k n o w n . 

S o m e of t h e p o i n t s p r e v i o u s l y 
men t ioned i l lus t ra te the fact that , desp i te 
t h e e n o r m o u s p r o g r e s s m a d e in t h e 
molecu la r gene t ics and funct ional aspects 
of kal l ikre in , there still exis t la rge gaps in 
the bas ic cell b io logy of this e n z y m e . 
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Regulation of renal kallikrein: role of 
potassium and therapeutic potential. 

Renal ka l l ikre in is regula ted by sod ium and 
po ta s s ium ba l ance , and by h o r m o n e s l ike 
ad renoco r t i c a l s t e ro ids , insu l in , c a t echo l ­
a m i n e s a n d t h y r o i d h o r m o n e ( 6 ) , a s 
rev iewed in this issue by Margol ius (74) , 
C lements (18) and Kator i (61) . 

A m o n g the m a n y factors involved in the 
regula t ion of ka l l ikre in , the role of dietary 
p o t a s s i u m h a s b e e n u n d e r e s t i m a t e d , 
rece iv ing lesser a t tent ion than the o thers . 
This factor dese rves ser ious cons idera t ion 
no t on ly b e c a u s e it s e e m s to b e a key 
r e g u l a t o r of k a l l i k r e i n , bu t a l s o for i ts 
the rapeut ica l impl ica t ions . 

As m e n t i o n e d be fo re , the p r e s e n c e of 
po t a s s ium secre tory channe l s ( R O M K ) at 
the l u m i n a l p l a s m a m e m b r a n e (77 ) and 
abundan t N a , K - A T P a s e in the basal p l a sma 
m e m b r a n e (60) (Fig 3 B) of the C N T c - t h e 
cell of or ig in of k a l l i k r e i n - confer to this 
cell type a p r o m i n e n t ro le in the secre t ion 
of po t a s s ium by the distal nephron (62 , 65) . 
Cons i s t en t with th is , h igh po ta s s ium intake 
s t imula tes C N T c , p roduc ing an overa l l cell 
h y p e r t r o p h y i n c l u d i n g i ts b i o s y n t h e t i c -
secre tory appa ra tus resul t ing in increased 
excre t ion of kal l ikre in and po ta s s ium (48 , 
116). U n d e r this cond i t ion , the C N T c size 
corre la tes wi th the excre t ion of kal l ikre in 
and po ta s s ium, and a pos i t ive corre la t ion is 
a l s o o b s e r v e d b e t w e e n t h e u r i n a r y 
excre t ion of ka l l ikre in and po t a s s ium (116) . 
A s i m i l a r s t i m u l a t i n g e f f e c t of h i g h 
p o t a s s i u m h a s b e e n o b s e r v e d in r e n a l 
c o r t i c a l s l i c e s a n d i s o l a t e d p e r f u s e d 
k idneys (6) . In h u m a n s , ka l l ikre in excre t ion 
var ies di rect ly wi th po t a s s ium in take (51) . 
M o r e o v e r , the ana lys i s of the associa t ion of 
ur inary p o t a s s i u m wi th u r inary ka l l ikre in 
w i t h i n s t a t i s t i c a l l y i n f e r r e d k a l l i k r e i n 
g e n o t y p e s of 7 6 9 ind iv idua l s in 58 Utah 
p e d i g r e e s d e m o n s t r a t e d a s i g n i f i c a n t 
s t a t i s t i c a l i n t e r a c t i o n b e t w e e n u r i n a r y 
po ta s s ium and the inferred major gene for 
kal l ikre in (53) . 

In a c l inical s tudy, Va ldes et al (110) 
supp lemen ted po t a s s ium in take to a g roup 
of l o w - k a l l i k r e i n u n t r e a t e d h y p e r t e n s i v e 
p a t i e n t s in a c r o s s o v e r , d o u b l e - b l i n d , 
r a n d o m i z e d f a s h i o n . T o g e t h e r w i t h t h e 

increase in u r inary po t a s s ium, a s ignif icant 
i n c r e a s e in k a l l i k r e i n e x c r e t i o n a n d 
dec rea se s in sys to l i c , d ias to l ic and m e a n 
b lood pressures were obse rved . Aga in , th is 
s t u d y r e v e a l e d a p o s i t i v e c o r r e l a t i o n 
b e t w e e n u r i n a r y e x c r e t i o n s of ka l l i k r e in 
and po t a s s ium (110) . T h e s t imula t ing effect 
of po t a s s ium on renal ka l l ikre in con t r ibu tes 
to expla in s o m e of its benef ic ia l effects on 
b lood p re s su re (68 , 109) . 

T h e t h e r a p e u t i c a l i m p l i c a t i o n s in the 
m a n a g e m e n t of h y p e r t e n s i v e pa t i en t s , in 
par t icular in sal t-sensi t ive ones (vide infra), 
a r e of o b v i o u s i m p o r t a n c e . P a r t i a l 
subst i tut ion of sod ium salts by po tas s ium 
sal ts in the d ie t w o u l d h a v e the d o u b l e 
b e n e f i t of r e d u c i n g s o d i u m i n t a k e a n d 
s t imulat ing kal l ikrein. This dietary change 
on s a l t i n t a k e is a l o n g w i t h c u r r e n t 
r e c o m m e n d a t i o n s of n o n - p h a r m a c o l o g i c a l 
m a n a g e m e n t of h y p e r t e n s i o n , a n d h a s 
already proven to reduce b lood pressure and 
decrease the n u m b e r of dea ths from both 
s t roke and i schemic heart d isease in large 
scale popula t ion studies in Fin land (59). 

W e d o no t k n o w ye t t h e m e c h a n i s m 
u n d e r l y i n g t h e e f f e c t of p o t a s s i u m on 
kal l ikre in , but p robab ly the in teract ion of 
several h o r m o n a l r egu la to r s resul ts in the 
obse rved effect. S ince both renal ka l l ikre in 
a n d p o t a s s i u m e x c r e t i o n a r e u n d e r 
m u l t i h o r m o n a l r e g u l a t i o n ( 6 , 3 6 ) , t h e 
a c t i v i t y o f N a , K - A T P a s e r e p r e s e n t s 
p e r h a p s t h e c o m m o n l i n k . I t is w e l l 
e s t a b l i s h e d t h a t an i n c r e a s e in N a , K -
A T P a s e act ivi ty med ia t e s the secret ion of 
p o t a s s i u m b y C N T c d u r i n g c h r o n i c 
po t a s s ium load, and the factors repor ted to 
regula te renal ka l l ikre in s h o w a r emarkab l e 
s imi lar pat tern to those that regula te Na ,K-
A T P a s e act iv i ty . T h u s , bo th N a , K - A T P a s e 
a c t i v i t y a n d r e n a l k a l l i k r e i n h a v e b e e n 
s h o w n to b e r e g u l a t e d by s o d i u m a n d 
p o t a s s i u m d i e t , m i n e r a l o c o r t i c o i d s , 
g lucocor t i co ids and insul in (6 , 57 ) . 

Neural control of kallikrein 

T h e information about the neural control of 
kal l ikrein is l imited, its secret ion seeming to 
be under sympathe t ic inhibi t ion. Albert ini et 
al (2) , with ev idence obta ined from renal 
ne rve s t imu la t ion , cen t ra l P - a d r e n o c e p t o r 
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b lockade and per ipheral sympa thec tomy in 
rats, conc luded that normal sympathet ic tone 
in the k i d n e y m o d u l a t e s t h e r e l e a s e of 
kal l ikrein in an inhibi tory manner . Fur ther 
s t ud i e s in vitro h a v e d i s c l o s e d tha t the 
adrenerg ic con t ro l of kal l ikre in re lease is 
m e d i a t e d b y p ^ - a d r e n e r g i c i n h i b i t o r y 
mechan i sms (46) . 

K A L L I K R E I N INHIBITORS 

The act ivi ty of a po ten t p ro teo ly t ic e n z y m e 
as kal l ikre in mus t be c losely regula ted by a 
b a l a n c e b e t w e e n a c t i v a t o r s of t h e 
p r o e n z y m e a n d i n h i b i t o r s of t h e a c t i v e 
e n z y m e . L i t t l e i n f o r m a t i o n e x i s t s a b o u t 
e n d o g e n o u s i n h i b i t o r s of t h e K K S , y e t 
t h e r e is e m e r g i n g i n f o r m a t i o n a b o u t 
k a l l i s t a t i n - a n e w l y i d e n t i f i e d s e r i n e 
p ro te inase inhib i tor ( s e r p i n ) - which b inds 
to k a l l i k r e i n and i n h i b i t s i ts e n z y m a t i c 
a c t i v i t y in vitro ( 1 7 ) . T o i n h i b i t t h e 
ka l l i k re in s y s t e m , the m o s t w i d e l y used 
agent has been aprot in in . This po lypep t ide , 
of bov ine or igin , is an effect ive inhibi tor of 
kal l ikre in (and of o ther ser ine pro teases) in 
vivo and in vitro, and has been u s e d to 
study the poss ib le ac t ions of the K K S in 
v a r i o u s p h y s i o l o g i c a l a n d p a t h o l o g i c a l 
cond i t ions ( 2 3 , 4 1 ) . T h e admin is t ra t ion of 
aprot in in affects , at the g lomeru l a r level , 
t h e g l o m e r u l a r f i l t r a t i on r a t e a n d r e n a l 
p l a s m a f l o w , t h e t u b u l o - g l o m e r u l a r 
feedback m e c h a n i s m , renin secre t ion and 
pro te inur ia , whe rea s at the tubula r level , it 
affects t h e e x c r e t i o n of k i n i n s , s o d i u m , 
p o t a s s i u m , w a t e r and p ro s t ag l and in s ( 1 5 , 
82, 99) . Desp i t e the la rge n u m b e r of s tudies 
u s i n g e x o g e n o u s a p r o t i n i n , v e r y l i t t l e 
in fo rmat ion was ava i l ab l e on its ce l lu la r 
d i s t r ibu t ion in the k idney (58) . W e have 
r e c e n t l y d e m o n s t r a t e d t h e c e l l u l a r a n d 
subce l lu la r d is t r ibu t ion of apro t in in in the 
rat k i d n e y , the p o l y p e p t i d e d i s p l a y i n g a 
r e s t r i c t e d d i s t r i b u t i o n to p r o x i m a l , 
c o n n e c t i n g a n d s o m e c o l l e c t i n g t u b u l e s 
( 1 2 0 ) ( F i g 3 C ) . In p r o x i m a l t u b u l e s , 
a p r o t i n i n is p r e s e n t in t h e e n d o c y t o t i c 
p a t h w a y , w h e r e it m i g h t u n d e r g o 
i n t r a c e l l u l a r m e t a b o l i s m . In c o n n e c t i n g 
t u b u l e c e l l s , a p r o t i n i n is o b s e r v e d c o -
l o c a l i z e d w i t h k a l l i k r e i n , p r o v i d i n g an 

ana tomica l base for an exp lana t ion of s o m e 
of t h e e f f e c t s of a p r o t i n i n o v e r r e n a l 
funct ion. In co l l ec t ing duc t s , apro t in in is 
p resen t in the basal por t ion of the ce l ls , the 
f u n c t i o n a l m e a n i n g of t h i s l o c a l i z a t i o n 
be ing largely u n k n o w n (120) . 

K I N I N O G E N S 

K i n i n o g e n s e x e r t t h e i r f u n c t i o n by 
in terac t ing wi th p ro te inases as subs t ra te for 
k a l l i k r e i n , b i n d i n g t o c o a g u l a t i o n 
p r o e n z y m e s and a s s e m b l i n g t h e m on the 
contac t phase (98) , and inhib i t ing cys te ine 
p ro t e inase s by fo rming i nac t i ve e n z y m e -
inh ib i to r c o m p l e x e s ( 8 1 ) . T h e r e a re two 
fo rms of k i n i n o g e n : t h e h i g h m o l e c u l a r 
we igh t ( H M W , 88-114 k D a ) and the low 
molecu la r we igh t ( L M W , 5 0 - 6 8 k D a ) . In 
h u m a n s , L M W k i n i n o g e n is c l e a v e d by 
t i s s u e k a l l i k r e i n . In r a t s , t w o L M W 
kin inogens have been cha rac te r i zed , one of 
t hem be ing cons ide red to co r r e spond to the 
h u m a n L M W k in inogen , and the o ther - t h e 
T - k i n i n o g e n - as an acu te -phase pro te in and 
n o t a s u b s t r a t e f o r k a l l i k r e i n ( 6 ) . 
K in inogens , which are a b u n d a n t in p lasma , 
a re d e r i v e d e n t i r e l y f r o m t h e l ive r ; ye t 
k i n i n o g e n has b e e n d e m o n s t r a t e d in the 
k idney , located at the dis ta l and col lec t ing 
tubules (91) , and - c l o s e to k a l l i k r e i n - in 
the pr inc ipa l cel ls of the co l lec t ing duct in 
t r a n s i t i o n s e g m e n t s b e t w e e n c o n n e c t i n g 
a n d c o r t i c a l c o l l e c t i n g t u b u l e s ( 3 9 ) . 
F u r t h e r m o r e , t h e p r e s e n c e of k i n i n o g e n 
m R N A in t h e h u m a n d i s t a l n e p h r o n 
indica tes that k in inogen is syn thes ized in 
the k i d n e y ( 5 0 ) . A l t h o u g h k i n i n o g e n is 
p resen t in u r ine (91) and renal l ymph (90) , 
addi t ional s tudies are r equ i red to e luc ida te 
t h e m e c h a n i s m o f s e c r e t i o n of r e n a l 
k in inogen by the co l lec t ing tubu les and its 
re la t ive cont r ibu t ion to the c i rcu la t ing and 
ur inary k in inogens . 

R e g a r d l e s s of w h e t h e r k i n i n o g e n 
or ig ina tes from the b lood s t r eam or also in 
p a r t f r o m t h e k i d n e y , t h e i n t e r s t i t i a l 
g e n e r a t i o n of k i n i n s is p o s s i b l e at t he 
basola te ra l m e m b r a n e of the C N T c or in 
the in ters t i t ium, as d e m o n s t r a t e d by di rec t 
m e a s u r e m e n t with mic rod ia lys i s t echn ique 
( 1 0 6 ) . M o r e o v e r , i n t e r s t i t i a l k i n i n s a n d 
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mediators (prostaglandin E 2 and cGMP) are 
under the regu la t ion of phys io log ica l 
stimuli such as sodium diet (104). Once 
kinins are formed within the lumen or in 
the i n t e r s t i t i um, s t ruc tu res fur ther 
downs t r eam (p reg lomeru la r a r te r io les , 
medullary circulation and collecting ducts) 
would be the t a rge t s of k in ins in a 
paracrine fashion. Locally generated kinins 
can regula te g lomeru la r f i l trat ion and 
hemodynamics (55) , wi thout affecting 
distal tubular excretory function, or can 
regulate papillary blood flow and sodium 
excretion (75), without affecting cortical 
blood flow. These examples support the 
local ac t ions of k in ins on d i sc re t e 
anatomical microenvironments like those 
composed by the CNT-juxtaglomerular 
apparatus (Figs 3A and 4) or the connecting 
tubule-collecting duct (CNT-CD) (Figs 3E-
F and 4). For a full description of the 
paracrine actions of the kallikrein system 
on these renal microenvironments, see Vio 
etal (119). 

KININASES 

Once BK is generated, several peptidases 
participate in its metabolism. Among them 
are k in inase I, k in inase I I /angiotensin 
c o n v e r t i n g e n z y m e ( A C E ) , neu t ra l 
endopeptidase 24.11 (NEP), endopeptidase 
24.15 and aminopeptidase P. The most 
active metabolizing kinin enzymes in the 
kidney seems to be kininase II/ACE and 
NEP. Both are present in the kidney in the 
brush bo rde r of p rox ima l convo lu t ed 
tubules and also in urine (26, 28). In 
addition, kininase II is extensively found in 
endothelial cells, where NEP is almost 
absent. The main BK products by the 
action of kininases are: BK-(l-7) , formed 
by the action of either NEP or kininase II; 
BK-(l-5) , formed by further hydrolysis by 
kininase II or EP 24.15; and des-Arg 9-BK, 
formed by the action of kininase I. 

In recent years, enormous progress has 
been achieved in the study of the molecular 
properties and genetic structure of kininase 
I I /ACE, r ev i ewed in this i ssue by 
Costerousse et al (20). This enzyme is 
anchored to the plasma membrane by a C-

terminal hydrophobic segment and exists in 
two isoforms: somatic and germinal. The 
somatic ACE form, a 170 kDa glycoprotein, 
is expressed in vascular endothelial cells 
and at the brush border of renal proximal 
convo lu t ed t ubu l e , j e juna l v i l lus and 
epididymal duct epithelia. In situ hybri­
d iza t ion s tudies have documen ted the 
presence of somatic ACE mRNA in renal 
tubule epithelium, jejunal enterocytes and 
epididymal epithelium, demonstrating an 
inverse correlation between the levels of 
ACE mRNA and the enzyme it encodes in a 
g iven e p i t h e l i u m . Low m R N A levels 
together with high levels of the enzyme in 
the kidney indirectly suggest that ACE is a 
s tab le m e m b r a n e p ro t e in wi th a low 
turnover rate (102). 

In addition to the somatic ACE form, a 
smaller isoform (90 kDa), or germinal form 
has been detected in the tes t is , being 
expressed uniquely in germinal cells with a 
precise stage-specific pattern, from round 
spermatids to spermatozoa. The signifi­
cance of the ultraselective expression of 
germinal ACE and of its specific messenger 
RNA at a very precise stage of spermato­
genes i s r e m a i n s u n c e r t a i n , but its 
importance has been highlighted by the 
finding that male homozygous mice ACE -/-
mouse (ACE knock out) display signifi­
cantly reduced fertility (30). 

T h e m o l e c u l a r c l o n i n g of h u m a n 
endothel ia l enzyme revealed two very 
similar domains, each of which bears a 
functional active site. These two active 
s i t e s d i s p l a y h i g h l y s i m i l a r k i n e t i c 
pa ramete r s for the na tura l subs t ra tes , 
except that the carboxyl-terminal active 
site -bu t not the amino-terminal s i t e - is 
act ivated by chlor ide (56) . Among its 
na tura l subs t ra tes , BK is the one for 
which the e n z y m e d i s p l a y s the most 
favorable kinetic parameters. Indeed, the 
K m (Michaelis constant) is 88 times lower 
for BK than for angiotensin I (0.18 uM vs 
16 |J.M), and the k c a t / K m is 24 t imes 
higher for BK than for angiotensin I, 
i n d i c a t i n g tha t BK is the p r e f e r r e d 
s u b s t r a t e for the e n z y m e ( 5 6 ) . Th i s 
finding is specially relevant, owing to the 
similar levels of angiotensin I and BK 
found in renal tissue (13). 
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CONTRIBUTION OF BRADYKININ TO THE 

EFFECT O F C O N V E R T I N G E N Z Y M E INHIBITORS 

AND O T H E R LINKS W I T H T H E RENIN SYSTEM 

Angio tens in I -conver t ing e n z y m e inhib i tors 
( C E I ) a r e u s e d to p r e v e n t the v a s o c o n ­
s t r i c to r a n d f i b r o g e n i c i n f l u e n c e of t h e 
a c t i v a t e d r e n i n - a n g i o t e n s i n s y s t e m ; 
however , they w e r e d i scovered by Fer re i ra 
(31) as B K po ten t ia to r pep t ides in snake 
v e n o m s . Cur r en t da ta suppor t the p roposa l 
that the ef fec ts of C E I a re d u e to bo th 
inhibi t ion of ang io tens in II format ion and 
reduced B K degrada t ion . T h e exact ex tent 
t o w h i c h i n h i b i t i o n o f a n g i o t e n s i n I I 
format ion and B K degrada t ion con t r ibu te to 
the e f fec t s of C E I is st i l l u n d e r s t u d y . 
A c c u m u l a t i n g e v i d e n c e indica tes that s o m e 
of the ca rd iovascu la r and renal effects of 
C E I are due to r educed B K degrada t ion , 
wi th resu l tan t inc reased local B K levels , 
and t h u s t h e y s h o u l d b e c o n s i d e r e d as 
" b r a d y k i n i n p o t e n t i a t i n g a g e n t s " (7 , 45 ) . 
Renal effects of B K u p o n s t imula t ion of B2 
r e c e p t o r s a r e m e d i a t e d by i n t r a r e n a l 
p r o s t a g l a n d i n E 2 and N O g e n e r a t i o n , as 
d e m o n s t r a t e d by S i ragy et al ( 105 ) . T h e 
p reven t ion of B K degrada t ion B K by C E I ' s 
increases two-fo ld the renal levels of B K 
and d e c r e a s e s B K - ( l - 7 ) , i n d i c a t i n g tha t 
A C E / k i n i n a s e II p lays an impor tan t ro le in 
B K m e t a b o l i s m , and tha t i n c r e a s e d B K 
med ia t e s - i n p a r t - the renal effects of A C E 
inhibi t ion (14) . In addi t ion , the ex i s t ence of 
a l o c a l K K S in t h e v a s c u l a r w a l l ( 8 5 ) 
p r o v i d e s s u p p o r t fo r l o c a l l y g e n e r a t e d 
k in ins con t r ibu t ing to the acu te vasodi la tor 
act ions of A C E inhib i tors . 

It is in teres t ing to no te that both renin 
and kal l ikre in sys tems are l inked at severa l 
l e v e l s : t hey s h a r e t h e c o m m o n e n z y m e 
A C E / k i n i n a s e II (20, 27) , B K inf luences 
renin secretion (49), and kallikrein converts 
prorenin to renin in vitro (101). Furthermore, 
r ecen t da t a s u g g e s t that - d u r i n g s o d i u m 
d e p l e t i o n - t h e r e n i n - a n g i o t e n s i n s y s t e m 
tonica l ly s t imu la t e s r ena l B K p r o d u c t i o n 
a n d c G M P f o r m a t i o n v i a a n o n - A T I 
a n g i o t e n s i n r e c e p t o r ( 1 0 7 ) . T h e m o s t 
unexpec t ed recen t f inding, in regard to the 
l inks b e t w e e n ka l l ikre in and renin sys t ems , 
is the d i scovery that a novel h o r m o n e of the 
renin s y s t e m ( ang io t ens in 1-7) is bo th a 

subs t ra te and inhibi tor for A C E , and is a lso 
a v a s o d i l a t o r a g e n t a c t i n g v i a a k i n i n -
med ia ted re lease of N O , as r ev i ewed in this 
issue by Brosn ihan et al (12) . 

T h e kal l ikre in sys tem is l ikely to play an 
i m p o r t a n t r o l e in c o u n t e r b a l a n c i n g t h e 
r e n a l e f f e c t s of t h e r e n i n - a n g i o t e n s i n 
s y s t e m . A n i m p a i r m e n t of t h e K K S , as 
obse rved in the Bk2r - / - mice or in the B N -
Ka mutan t ra ts (vide infra), resu l t s in an 
increased sensi t iv i ty to ang io tens in II (70 , 
7 2 ) . T h u s , an i m p a i r e d K K S c o u l d 
cont r ibu te to increase b lood p re s su re levels 
by leaving the act ivi ty of vasocons t r i c to r 
agents unba l anced . T h e pos tna ta l deve lop ­
m e n t r e p r e s e n t s a n o t h e r s i t u a t i o n of 
i m b a l a n c e b e t w e e n k a l l i k r e i n a n d r en in 
s y s t e m s ; t h u s , t h e i n c r e a s i n g v a l u e s of 
k a l l i k r e i n o b s e r v e d d u r i n g t h e r e n a l 
pos tna ta l ma tu ra t ion (111 ) , t oge the r with 
the dec reas ing va lues of renin occur r ing in 
the s a m e pe r iod (47 ) , m a y c o n t r i b u t e to 
expla in the dec l ine of vascu la r res i s tance 
a n d t h e i n c r e a s e in b l o o d f l o w w h i c h 
occurs in the k idney after b i r th . 

BRADYKININ R E C E P T O R S A N D M E D I A T O R S 

T w o t y p e s of B K r e c e p t o r s h a s b e e n 
identif ied so far: B l and B 2 . T h e y have 
d i f f e r e n t s t r u c t u r e , r e g u l a t i o n a n d a r e 
act ivated by different agon i s t s : de s -Arg9 -
B K for B l , and B K and l y s - B K for B 2 
( 9 3 ) . T h e B K - B 1 t y p e o f r e c e p t o r is 
expressed in smooth m u s c l e ce l ls and lung 
f i b r o b l a s t s in p a t h o l o g i c a l s t a t e s in 
r e s p o n s e to a v a r i e t y of i n f l a m m a t o r y 
s t i m u l i a n d it i s r e g u l a t e d b y t h e 
t ranscr ip t ion nuc l ea r fac tor kappaB ( N F -
kappaB) (84 , 97) . 

M o s t of t h e v a s c u l a r a n d e p i t h e l i a l 
effects of B K are media ted through the B2 
type receptor . The genomic structure of the 
ra t B 2 r e c e p t o r cod i f i e s for a p r e d i c t e d 
prote in sequence of 366 aminoac ids (41.7 
kDa) , homologous to members of the seven 
t ransmembrane G protein-coupled receptors 
family. Its m R N A is present in the kidney, 
heart, lung, brain, u terus and vas deferens 
( 7 6 ) . F o r a d e t a i l e d d e s c r i p t i o n of t h e 
local izat ion of B 2 receptors , see F igue roa 
and M u l l e r - E s t e r l ( 4 0 ) . W i t h a n t i b o d i e s 
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d i r e c t e d a g a i n s t s p e c i f i c a m i n o a c i d i c 
d o m a i n s of t h e B 2 r e c e p t o r , t h i s w a s 
descr ibed as widely dis tr ibuted in rat k idney 
s t r u c t u r e s , n a m e l y , s t r a i g h t p o r t i o n s of 
p r o x i m a l t u b u l e s , d i s ta l s t r a igh t t u b u l e s , 
connec t ing tubules , col lect ing ducts and in 
smooth muscle cells of cortical radial arteries 
and a f f e r en t a r t e r i o l e s . F u r t h e r m o r e , in 
tubular cells, the B2 receptor was observed in 
the basal infoldings and luminal membranes 
(38). M o r e recent ly, with a novel approach 
to the identification of receptors , we infused 
in vivo t he B 2 a n t a g o n i s t H O E - 1 4 0 and 
f o l l o w e d the t i m e - c o u r s e of i ts c e l l u l a r 
d i s t r i b u t i o n in the k i d n e y w i th spec i f i c 
an t ibodies aga ins t H O E - 1 4 0 . T h e specific 
b i n d i n g t o t h e B 2 r e c e p t o r w a s t h e n 
v i s u a l i z e d b y i t s c o - l o c a l i z a t i o n w i t h 
a n t i b o d i e s a g a i n s t i n t r a c e l l u l a r a n d 
ex t r ace l lu l a r d o m a i n s of the B 2 r ecep to r 
(121) . In this s tudy, the B2 receptors were 
observed with a more restr icted local izat ion, 
mainly to the luminal p lasma membranes of 
d i s ta l t u b u l e s and c o l l e c t i n g d u c t s . T h e 
antagonis t H O E - 1 4 0 was present a long the 
endocy to t i c p a t h w a y of p rox imal tubules , 
w h i c h a r e d e v o i d of B 2 r e c e p t o r s ; 
consequent ly , this local izat ion cor responds 
to a s i t e of r e n a l m e t a b o l i s m of t h e 
a n t a g o n i s t . In a d d i t i o n , H O E - 1 4 0 w a s 
observed a long distal tubules and col lect ing 
duct of the m e d u l l a and papi l la , in ce l ls 
conta in ing the B 2 receptor , and was absent 
in intercalated cells lacking B 2 receptors , 
indicat ing the b inding of the antagonis t to 
t h e r e c e p t o r . A l t h o u g h H O E - 1 4 0 w a s 
located in the luminal p l a sma membranes of 
m a n y ce l l s , t he an t agon i s t w a s ob se rv ed 
i n t r a c e l l u l a r l y in o t h e r ce l l s , s u g g e s t i n g 
internalization of the antagonist . This was 
not an artifact due to the th ickness of the 
t issue sect ion (7 um) , s ince it was conf i rmed 
in thin (0.5 Um) sect ions . Interes t ingly, it 
has also been repor ted that angiotensin II 
and angiotens in II antagonis ts - sa ra las in and 
D u p 7 5 3 - a r e i n t e r n a l i z e d w i th the A T [ 
r e c e p t o r ( 1 9 ) . T h e s e q u e s t r a t i o n of t h e 
antagonis t is consis tent with the long lasting 
e f f e c t of H O E - 1 4 0 . F u r t h e r m o r e , t h i s 
internal izat ion of H O E - 1 4 0 is dependent on 
m i c r o t u b u l e s , s i n c e it is d e c r e a s e d by 
pre t rea tment with taxol or colchic ine (Nazal 
& Vio , unpub l i shed) . 

T h e r e g u l a t i o n a n d f u n c t i o n of B 2 
r e c e p t o r s a re c u r r e n t l y b e i n g s t ud i ed in 
c e l l s e x p r e s s i n g t h e r e c e p t o r . R e c e n t 
s tudies are r ep resen ta t ive e x a m p l e s . O n e of 
t h e m d e m o n s t r a t e d t h a t B K a c t i o n in 
m e s a n g i a l c e l l s r e s u l t s in t y r o s i n e 
p h o s p h o r y l a t i o n o f c e l l u l a r p r o t e i n s , 
sugges t ing a ro le for tubul in and mi togen-
a c t i v a t e d p r o t e i n k i n a s e ( M A P K ) in the 
s ignal ing cascade of B K lead ing to al tered 
mesang ia l funct ion, a l tera t ion that could be 
re levant to those obse rved in d iabe tes (54) . 
The o ther s tudy, in h u m a n ke ra t inocy tes , 
o n t h e s t i m u l a t o r y e f f e c t of B K on 
p h o s p h o r y l a t i o n of p r o t e i n s at t y r o s i n e 
r e s i d u e s , sugges t s that M A P k i n a s e , ac t in , 
pax i l l in and the e p i d e r m a l g r o w t h fac tor 
( E G F ) r e c e p t o r w e r e t h e m o s t l i k e l y 
c a n d i d a t e s f o r B K - i n d u c e d t y r o s i n e 
p h o s p h o r y l a t i o n . T h e s e e f f e c t s in 
k e r a t i n o c y t e s m i g h t b e a s s o c i a t e d w i th 
e v e n t s r e l a t e d to m i t o s i s , a d h e s i o n and 
var ia t ion in cel l s h a p e ( 1 0 0 ) . F u r t h e r m o r e , 
in an e l e g a n t w o r k t o e l u c i d a t e t h e 
de sens i t i z a t i on of B 2 r e c e p t o r , P i za rd et al 
( 8 7 ) t r a n s f e c t e d C h i n e s e h a m s t e r o v a r y 
( C H O - K 1 ) ce l l s wi th the h u m a n B K - B 2 
r ecep to r c D N A , and e s t a b l i s h e d a cell l ine 
that e x p r e s s e d s tably and at h igh dens i ty a 
r ecep to r exh ib i t i ng B2 r e c e p t o r p rope r t i e s , 
in t e r m s of c o u p l i n g to ce l l s i g n a l i n g , 
d e s e n s i t i z a t i o n a n d i n t e r n a l i z a t i o n . In 
t he se c e l l s , e q u i l i b r i u m k i n e t i c a n a l y s i s 
a n d s t u d i e s of t h e e f f e c t s of r e c e p t o r 
o c c u p a n c y by agon i s t s or an t ag o n i s t s on 
t h e k i n e t i c s o f B K - r e c e p t o r c o m p l e x 
d i s s o c i a t i o n r e v e a l e d f ea tu r e s t yp ica l of 
n e g a t i v e c o o p e r a t i v e b i n d i n g , s u g g e s t i n g 
tha t th i s p h e n o m e n o n can p a r t i c i p a t e in 
the d e sen s i t i z a t i o n p r o c e s s . 

Mechanisms of action of bradykinin: 
nitric oxide vs eicosanoids 

T h e B K recep tor is coup led to G prote in 
and the interact ion of B K with its recep tor 
l eads to t h e a c t i v a t i o n of t w o s i g n a l i n g 
e n z y m e sys tems , n a m e l y , p h o s p h o l i p a s e C 
and p h o s p h o l i p a s e A 2 (6) . Ac t iva t ion of 
p h o s p h o l i p a s e C by B K , wi th ac t ivat ion of 
t h e p h o s p h o i n o s i t i d e s e c o n d - m e s s e n g e r 
sys tem, leads to N O p roduc t ion , which then 
a c t i v a t e s t h e s o l u b l e g u a n y l a t e c y c l a s e 
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genera t ing c G M P . Fo l lowing ac t iva t ion of 
p h o s p h o l i p a s e A 2 , a r a c h i d o n i c a c i d is 
re leased and b e c o m e s a subs t ra te for the 
th ree e n z y m a t i c p a t h w a y s of a r ach idon ic 
a c i d m e t a b o l i s m : t h e c y c l o o x y g e n a s e 
p a t h w a y , l e a d i n g t o f o r m a t i o n o f 
p r o s t a g l a n d i n s ( P G s ) and t h r o m b o x a n e s ; 
the l i p o o x y g e n a s e p a t h w a y , l e a d i n g t h e 
f o r m a t i o n of l e u k o t r i e n e s ; a n d t h e 
c y t o c h r o m e P -450 -med ia t ed oxygena t ion of 
a rach idon ic ac id , l ead ing to format ion of 
e p o x y e i c o s a t r i e n o i c a c i d s ( E E T s ) a n d 
h y d r o x y e i c o s a t e t r a e n o i c a c i d ( H E T E ) 
i somers . T h e a rach idon ic acid metabo l i t e s 
exert b io log ica l ac t ions on renal cel ls when 
t h e y a r e r e l e a s e d l o c a l l y in d i s c r e t e 
a n a t o m i c m i c r o e n v i r o n m e n t s a l o n g t h e 
nephron , in a pa rac r ine fashion. 

T h e r e l a t i v e c o n t r i b u t i o n of N O vs 
a r a c h i d o n i c a c i d p r o d u c t s to t h e r e n a l 
effects of B K wai ts for further work to be 
u n d e r s t o o d . I n t r a r e n a l i n f u s i o n s of B K 
s i g n i f i c a n t l y i n c r e a s e r e n a l b l o o d f l o w , 
d iu res i s , na t r iu res i s and ka l iu res i s , be ing 
these B K effects abo l i shed by the inhibi t ion 
of N O s y n t h e s i s , w h e r e a s t h e a d m i n i s ­
t r a t i o n of a p r e c u r s o r of N O ( L - A r g ) 
p r e v e n t s t h e i n h i b i t o r y e f f e c t of N O 
s y n t h e s i s on t h e r e n a l v a s o d i l a t o r and 
excre tory r e sponses to B K (67) . W h i l e this 
work sugges ts that the renal vasodi la tor and 
e x c r e t o r y r e s p o n s e s to B K a r e l a r g e l y 
d e p e n d e n t o n N O , s t u d i e s in i s o l a t e d 
k i d n e y s h a v e s h o w n tha t - a l t h o u g h t h e 
inh ib i t ion of N O g e n e r a t i o n r e d u c e d the 
vasodi la tor r e sponses to B K - a rach idon ic 
ac id m e t a b o l i t e s d e r i v e d f rom c y c l o o x y ­
g e n a s e a n d c y t o c h r o m e P 4 5 0 p a t h w a y s 
account for up to 7 0 % of the vasodi la tor 
effect of B K (43) . Bo th media to r s of B K 
act ions are a lso ab le to interact ; in fact, N O 
direct ly ac t iva tes c y c l o o x y g e n a s e to cause 
an increase in the enzyma t i c act ivi ty (96) . 

C Y C L O O X Y G E N A S E S IN T H E KIDNEY: 

COX-1 VS COX-2 

P r o s t a g l a n d i n s a r e s y n t h e s i z e d b y t h e 
p ros t ag l and in G/H syn thase or c y c l o o x y ­
g e n a s e ( C O X ) . U n t i l r e c e n t l y , it w a s 
b e l i e v e d tha t t h e c y c l o o x y g e n a s e w a s a 
s ingle e n z y m e re spons ib le for the genera ­

t ion of p ros t ag land ins ; howeve r , a second 
form of the e n z y m e was ident i f ied that is 
induced by p ro - in f l ammato ry cy tok ines and 
g r o w t h f a c t o r s , a n d i s s p e c i f i c a l l y 
assoc ia ted wi th ce l ls and t i ssues invo lved 
in i n f l a m m a t i o n ( 6 6 ) . T h e c u r r e n t 
hypothes i s abou t the ro le of cons t i tu t ive vs 
i n d u c e d C O X i s o z y m e s is t h a t - u n d e r 
normal homeos ta t i c c o n d i t i o n s - C O X - 1 is 
the const i tut ive e n z y m e present in most cells 
and t issues, whose activity accounts for the 
c o n t i n u o u s p r o d u c t i o n of p h y s i o l o g i c a l l y 
impor tan t p ros tag land ins , whi le C O X - 2 is 
i n d u c e d at the s i te of i n f l a m m a t i o n and 
p roduces p ro- in f lammatory p ros tag land ins . 
T h i s h y p o t h e s i s h a s b e e n c h a l l e n g e d 
r e c e n t l y b y t h e d e m o n s t r a t i o n of a 
c o n s t i t u t i v e , g l u c o c o r t i c o i d - i n s e n s i t i v e 
C O X - 2 in a subse t of ce l l s of the thick 
ascend ing l imb ( T A L ) of H e n l e ' s loop of 
n o r m a l k i d n e y s ( 1 1 2 ) . T h i s p o o l of 
cons t i tu t ive C O X - 2 obse rved in T A L does 
no t c o e x i s t w i th C O X - 1 in t h e k i d n e y , 
s i n c e t h e l a t t e r is p r e s e n t in a r t e r i a l 
vascu la r endo the l i a l ce l l s , m e d u l l a r y and 
co r t i c a l c o l l e c t i n g d u c t s , a n d m e d u l l a r y 
in ters t i t ia l ce l l s (108) . T h e phys io log i ca l 
role for C O X - 2 in T A L is still u n k n o w n , 
but an obv ious funct ion is the genera t ion of 
p ros tag land ins , in par t i cu la r P G E 2 . Cor t ical 
and medu l l a ry T A L cel ls syn thes ize P G E 2 

and conta in P G E 2 r ecep to rs (9 , 29 ) . In this 
segment , P G E 2 inhibi ts N a C l reabsorp t ion , 
effect tha t is m e d i a t e d v ia i nh ib i t i on of 
N a , K - A T P a s e act ivi ty (122) . It should be 
s tressed that the T A L s e g m e n t has a crucia l 
role in salt and wate r h o m e o s t a s i s , because 
it r eabso rbs an impor t an t f ract ion of the 
N a C l f i l t e r e d l o a d , p a r t i c i p a t e s in t h e 
g e n e r a t i o n of h y p e r o s m o l a r i t y in t h e 
m e d u l l a r y i n t e r s t i t i u m - r e q u i r e d for the 
operat ion of the countercurrent m e c h a n i s m - , 
a n d is t h e t a r g e t of f u r o s e m i d e , t h e 
p r o t o t y p e of t h e m o s t p o t e n t c l a s s of 
diuret ics . S ince this segment of the nephron 
is so far d e v o i d of B K r e c e p t o r s , P G E 2 

produc t ion here should be i ndependen t of 
B K , and one c a n d i d a t e for its h o r m o n a l 
regula t ion is ang io tens in II (32 , 33) . 

E v i d e n c e for a very impor tan t ro le of 
C O X - 2 in k idney d e v e l o p m e n t has emerged 
f rom m i c e w i th C O X - 2 g e n e d i s r u p t i o n 
( 2 4 , 7 9 ) . T h e y d e v e l o p s e v e r e r e n a l 
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a b n o r m a l i t i e s w e e k s a f t e r b i r t h ; s u c h 
abnormali t ies are not detectable at birth and 
were evident only with the increasing age, 
s u g g e s t i n g an i m p o r t a n t ro l e of C O X - 2 
d u r i n g r e n a l p o s t n a t a l d e v e l o p m e n t . 
Concordant with this, w e have observed high 
a m o u n t s of C O X - 2 presen t in T A L cel ls 
during early postnatal development , with a 
p r o g r e s s i v e d e c l i n e to adul t l eve l s after 
weaning (Figs 4E-F) (92). The presence of 
this constitutive C O X - 2 in normal animals -
also observed in h u m a n s ( 8 6 ) - may have 
important therapeutical consequences , since 
C O X - 2 selective inhibitors were designed to 
spare the kidney (and gastrointestinal tract), 
assuming that the enzyme was absent in the 
n o r m a l k i d n e y and w a s only i nduced in 
p a t h o l o g i c a l c o n d i t i o n s . S i n c e t h a t 
assumption has proven to be incorrect, the 
therapeutical indications of selective C O X - 2 
inhibitors require a re-evaluat ion, to asses 
whether they are sufficiently renal sparing to 
warrant its use in patients requiring long term 
therapy. 

P A T H O P H Y S I O L O G Y OF THE 

KALLIKREIN SYSTEM 

Pathophysiological aspects of the kallikrein 
system in diabetes, renal and cardiovascular 
d i s e a s e s a r e r e v i e w e d in t h i s i s s u e by 
Margol ius (74) , Costerousse (20) and Katori 
(61). W e will briefly comment the alterations 
of the KKS in salt-sensitive hypertension and 
the local induction of A C E as a pathogenic 
m e c h a n i s m of t h e p r o g r e s s i o n of 
hypertension and renal diseases. 

Salt-sensitive hypertension: a case of 
impairment of the kallikrein system. 

A s d i s c u s s e d b e f o r e , o n e of t h e m a i n 
funct ions of the kal l ikrein sys tem is related 
to sod ium excre t ion . Cons i s ten t with this , it 
can be hypo thes i zed that a def iciency (or 
inhibi t ion) of any main c o m p o n e n t of the 
sys tem wou ld resul t in an impa i rmen t of 
sod ium handl ing and hyper tens ion . 

As r ev i ewed in this i ssue by Kator i (61) , 
the B r o w n N o r w a y Kathol iek ( B N - K a ) rats 
- d u e to a po in t muta t ion of a l a n i n e 1 6 3 to 
t h r e o n i n e in t h e c o m m o n c h a i n of 

k i n i n o g e n s - are unable to secrete k in inogens 
from the liver, resul t ing in negl igible levels 
of H M W and L M W k in inogens in b lood 
s t r e a m and a l m o s t u n d e t e c t a b l e u r i n a r y 
levels of kinins (22) . The B N - K a rats have 
n o r m a l b l o o d p r e s s u r e , d e s p i t e t h e 
impai rment of the kall ikrein system, as long 
as they are fed with a low (0 .3%) sodium 
diet (71) . However , after adminis t ra t ion of 
2% NaCl in the diet, B N - K a rats excrete less 
sodium and water than BN-Ki (normal) rats 
and develop hyper tens ion. Supplementa t ion 
of L M W k i n i n o g e n d u r i n g 2 % N a C l 
ingestion restored the kinin level in ur ine, 
i n c r e a s e d u r i n a r y v o l u m e a n d s o d i u m 
excre t ion , and res tored b l o o d pressure to 
normal levels (71) . 

T h e blood p ressu re r e sponse to chronic 
salt loading has been a lso eva lua ted in a rat 
s t ra in i n b r e d for l o w u r i n a r y k a l l i k r e i n 
e x c r e t i o n . L o w - k a l l i k r e i n r a t s s h o w e d 
higher systol ic b lood p ressu re va lues than 
control rats (130 vs 114 m m Hg) on normal 
s o d i u m d i e t , a n d t h e i r b l o o d p r e s s u r e 
fur ther i n c r e a s e s af ter h igh s o d i u m die t 
(153 vs 112 m m H g ) . M o r e o v e r , chronic 
infusion of kal l ikrein to low-ka l l ik re in rats 
p r e v e n t s the h y p e r t e n s i v e effect of h igh 
sod ium diet , ind ica t ing that the def ic iency 
in k a l l i k r e i n c a n a c c o u n t for t h e sa l t -
sensi t ivi ty to hyper tens ion (69) . 

A d d i t i o n a l e v i d e n c e o r i g i n a t e s f rom 
mutan t mice with d i s rup t ion of the gene 
e n c o d i n g for the b r a d y k i n i n - B 2 r ecep to r 
( B 2 - K O ) . T h e B 2 - K O m i c e p l aced on a 
long- te rm high sod ium diet deve lop higher 
b lood pressure , r educed renal b lood flow 
and increased renal vascu la r res i s tance , as 
c o m p a r e d to w i ld t y p e m i c e ( 3 ) . O t h e r 
s t u d y d i r e c t e d to c h a r a c t e r i z e t h e 
c a r d i o v a s c u l a r p h e n o t y p e of the B 2 - K O 
(70) d e s c r i b e d - u n d e r b a s a l c o n d i t i o n s -
h igher b lood p ressu re and heart weight in 
B k 2 r - / - t h a n in t h e w i l d - t y p e B k 2 r + / + . 
C h r o n i c b l o c k a d e of B 2 - r e c e p t o r s o r 
inhibi t ion of ni tr ic ox ide syn thase ( N O S ) 
increased b lood p ressu re of B k 2 r + / + to the 
levels of Bk2r - / - m ice . Aga in , l ong- t e rm 
high sod ium diet increases b lood pressure 
of Bk2r - / - and B k 2 r + / - m i c e , w h e r e a s it 
was ineffect ive in B k 2 r + / + an ima l s . 

F u r t h e r e v i d e n c e w a s o b t a i n e d f rom 
Dah l sa l t -sens i t ive and salt res is tant rats . 
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Thus , h u m a n ka l l ik re in gene de l ivered to 
Dahl sa l t - sens i t ive (Dah l -SS) rats fed to a 
h i g h - s o d i u m diet has a p ro tec t ive effect on 
s a l t - i n d u c e d h y p e r t e n s i o n , r ena l d a m a g e 
and ca rd i ac h y p e r t r o p h y (16) . T h e s e ra ts 
express h u m a n kal l ikre in in several t i ssues 
(heart , k idney , lung, l iver, adrenal g land) 
and, fo l lowing g e n e inject ion, they respond 
with d iures is and increased ur inary levels 
of sod ium, k in ins and c G M P . Th i s r e sponse 
a n d t h e r e d u c e d b l o o d p r e s s u r e a r e 
c o n s i s t e n t w i t h a c t i v a t i o n of t h e K K S . 
M u k a i et al ( 80 ) found tha t D a h l sa l t -
res is tant (SR/J r ) , w h o s e b lood p ressu re is 
not i nc reased w h e n fed wi th a h igh salt 
diet , had s ignif icant ly high b lood pressure 
w h e n c o n c o m i t a n t l y t rea ted wi th B K - B 2 
antagonis t H O E - 1 4 0 , sugges t ing that k inin 
ac t ivat ion of B K - B 2 recep tors con t r ibu tes 
to m e c h a n i s m s c o n f e r r i n g r e s i s t a n c e to 
increase b lood p re s su re on exposu re to a 
high sod ium diet . 

A n a n i m a l m o d e l w i t h t a r g e t e d 
d i s r u p t i o n of t h e k a l l i k r e i n g e n e , n o t 
a v a i l a b l e ye t , wi l l b e u s e f u l to f u r t h e r 
exp lo re the hypo thes i s d i scussed a b o v e . In 
the m e a n t i m e , it is k n o w n tha t B N - K i 
(normal , n o n - m u t a n t ) rats unde r kal l ikre in 
i n h i b i t i o n w i t h a p r o t i n i n d e v e l o p 
hyper tens ion w h e n p laced on a long- t e rm 
sod ium diet (71) . T h u s , the expe r imen ta l 
e v i d e n c e a v a i l a b l e s o far s u p p o r t s t h e 
hypothes i s s ta t ing that an impa i rmen t of the 
k a l l i k r e i n s y s t e m c o n t r i b u t e s t o s a l t -
sensi t ive hyper t ens ion . 

S e v e r a l c l i n i c a l s t u d i e s h a v e a l s o 
a d d r e s s e d the i s sue of sa l t - sens i t iv i ty to 
b l o o d p r e s s u r e in n o r m o t e n s i v e (8) and 
hyper t ens ive pa t ien t s (34 , 35) , in re la t ion to 
k a l l i k r e i n . U r i n a r y e x c r e t i o n of a c t i v e 
ka l l i k r e in is s i g n i f i c a n t l y l o w e r in sa l t -
s e n s i t i v e t h a n in s a l t - r e s i s t a n t p a t i e n t s . 
A l s o , p l a s m a a t r i a l n a t r i u r e t i c p e p t i d e 
levels are h igher in sa l t - sens i t ive than in 
sa l t - res is tant h y p e r t e n s i v e pa t i en t s , and a 
s i g n i f i c a n t c o r r e l a t i o n b e t w e e n u r i n a r y 
k a l l i k r e i n a n d p l a s m a a t r i a l n a t r i u r e t i c 
p e p t i d e i s o b s e r v e d in s a l t - s e n s i t i v e 
hyper t ens ive pa t ien t s (34) . M o r e o v e r , w h e n 
a c t i v e a n d i n a c t i v e u r i n a r y k a l l i k r e i n 
e x c r e t i o n r a t e s w e r e e v a l u a t e d , it w a s 
o b s e r v e d t ha t t h e a c t i v e / t o t a l k a l l i k r e i n 
ra t io d e c r e a s e d in sa l t - sens i t ive pa t i en t s , 

s u g g e s t i n g an i m p a i r m e n t of i nac t i ve to 
ac t ive ka l l ik re in c o n v e r s i o n du r ing N a C l 
load ing as a n e w m e c h a n i s m in h u m a n salt-
sensi t ive hyper tens ion (5) . 

As men t ioned before , the therapeut ica l 
i m p l i c a t i o n s in t h e m a n a g e m e n t of 
hyper t ens ive pa t ien ts , in pa r t i cu la r in salt-
s e n s i t i v e s u b j e c t s , a r e of o b v i o u s 
i m p o r t a n c e . L o w s o d i u m d i e t w o u l d 
p reven t the d e v e l o p m e n t of hyper tens ion in 
l o w - k a l l i k r e i n p a t i e n t s , a n d t h e p a r t i a l 
subst i tu t ion of sod ium by p o t a s s i u m intake 
wou ld s t imula te the ka l l ikre in sys tem. 

Local induction of angiotensin I 
converting enzyme as a pathogenic 
mechanisms in hypertension. 

Induct ion of A C E gene expres s ion occurs 
n o r m a l l y in s o m a t i c and g e r m i n a l ce l l s 
dur ing their di f ferent ia t ion and matura t ion 
process , as well as in t i ssue si tes dur ing 
p a t h o l o g i c a l p r o c e s s e s . T h u s , l o c a l 
induct ion of A C E occurs in the hear t dur ing 
r e m o d e l i n g , in m a c r o p h a g e s o f t h e 
ac t iva t ed c a r d i a c i n t e r s t i t i u m and in the 
hyper t ens ive aor ta (20) . 

T h e p resence of A C E in the ac t ivated 
ca rd iac in ters t i t ium con t r ibu tes to f ibrous 
t i s sue format ion t h rough local genera t ion 
of ang io tens in II or B K degrada t ion . The 
cont r ibu t ion of ang io tens in II to f ibrosis in 
t h e h e a r t a n d k i d n e y h a s b e e n w e l l 
es tab l i shed (95 , 124); howeve r , the role of 
B K h a s b e e n u n d e r e s t i m a t e d . C a r d i a c 
f ibrosis after m y o c a r d i a l infarc t ion and in 
c h r o n i c h y p e r t e n s i o n i n v o l v e s i n c r e a s e d 
synthes is and depos i t ion of co l lagen within 
the m y o c a r d i u m . A n g i o t e n s i n - c o n v e r t i n g 
e n z y m e inh ib i to r s l imi t h y p e r t r o p h y and 
f ibrosis ; their m e c h a n i s m of act ion r ema ins 
c o n t r o v e r s i a l , a l t hough k i n i n s h a v e been 
a s sumed to play a ro le . Recen t ly , a BK-
induced reduct ion in co l l agen type I and III 
gene express ion - m e d i a t e d via p ros tacyc l in 
P G I 2 - has been d e m o n s t r a t e d in c a r d i a c 
f ib rob las t s (44) . Th i s s tudy suppor t s the 
a rgumen t that s tabi l iza t ion of e n d o g e n o u s 
k i n i n s e n h a n c e s p r o s t a c y c l i n p r o d u c t i o n 
and resul ts in a t t enua t ion of co l lagen gene 
e x p r e s s i o n , a n d m o d u l a t i o n of c o l l a g e n 
s y n t h e s i s a n d d e p o s i t i o n w i t h i n t h e 
m y o c a r d i u m . 
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A s in the c a r d i o v a s c u l a r s y s t e m , w e 
( 1 1 4 ) h a v e r e c e n t l y d e m o n s t r a t e d a 
w i d e s p r e a d i n d u c t i o n of A C E o c c u r r i n g 
c o n c o m i t a n t l y in t u b u l a r e p i t h e l i a l , 
vascu la r endothe l ia l and interst i t ia l cel ls in 
the hype r t ens ive (cont ra la te ra l ) k idney of 
Goldbla t t hype r t ens ive rats (Fig 3 D ) . Th i s 
increased A C E in the hyper t ens ive k idney 
may con t r ibu te to the local e leva ted levels 
of ang io tens in II , wh ich in turn con t r ibu te 
to the abno rma l h e m o d y n a m i c and tubular 
r e a b s o r p t i v e f u n c t i o n d e s c r i b e d in t h i s 
m o d e l ( 8 3 , 8 8 ) . T h e d e f e c t i v e s o d i u m 
handl ing by the cont ra la te ra l k idney in the 
2 K 1 C renovascu l a r hyper t ens ive rat mode l 
has been wel l d o c u m e n t e d , and can b e a 
c o n s e q u e n c e of i n t r a r e n a l c h a n g e s in 
a n g i o t e n s i n I I a n d k i n i n s l e v e l s . T h u s , 
e leva ted levels of ang io tens in II p r o m o t e 
s o d i u m r e t e n t i o n ( 8 3 , 8 8 ) , w h e r e a s 
increased k in in degrada t ion wou ld dec rease 
sod ium excre t ion ( 1 0 3 , 127), resu l t ing in 
both cases in a s o d i u m excre tory defect . 
F u r t h e r m o r e , C E I t r e a t m e n t p r o m o t e s 
s o d i u m e x c r e t i o n a n d r e s t o r e s n o r m a l 
s o d i u m h a n d l i n g in t h i s c o n t r a l a t e r a l 
k idney (52 , 88) . T h e increased angio tens in 
II c o n t e n t o b s e r v e d in the c o n t r a l a t e r a l 
k idney of r enovascu l a r hyper tens ion , in the 
face of dec reased local renin, may be due at 
least in part to the increased avai labi l i ty of 
A C E in the rena l c i rcu la t ion in te r s t i t ium 
and tubu les . T h e p re sence of A C E in renal 
interst i t ia l f ibrous t i ssue p rov ides suppor t 
fo r i t s c o n t r i b u t i o n to f i b r o u s t i s s u e 
f o r m a t i o n , t h r o u g h l o c a l g e n e r a t i o n of 
a n g i o t e n s i n II o r B K d e g r a d a t i o n ( 1 0 3 , 
127). T h e observa t ion of A C E induct ion in 
v e s s e l s , t u b u l e s a n d i n t e r s t i t i u m of t h e 
hype r t ens ive rat k idney cou ld be ex tended 
in t h e f u t u r e t o o t h e r t y p e s o f r e n a l 
d i seases , and may p rov ide a pa tho log ica l 
bas is for the pu ta t ive de le te r ious effect of 
A C E in t h e d i s e a s e d k i d n e y s , a n d t h e 
beneficial effect of A C E inhib i tors . 

( 2 1 ) . H e h a s w i t n e s s e d s i n c e t h e n t h e 
e n o r m o u s p r o g r e s s in s t u d i e s a b o u t the 
ce l lu la r o r ig in , m o l e c u l a r b i o l o g y , ta rge t 
t i ssues and ac t ions of c o m p o n e n t s of the 
kallikrein kinin system - a n d related s y s t e m s -
in hea l th and d i sease . In add i t ion to the 
kidney, local generation and paracrine actions 
of B K have been proposed in other tissues, 
such as the heart and vessels, pituitary, brain, 
colon, reproductive tract, etc. 

Don Hec tor has m a d e many contr ibut ions 
- a n d will cont inue to do s o - to the broad 
f ie ld of p e p t i d e h o r m o n e s , b u t - e q u a l l y 
important to his scientific c o n t r i b u t i o n s - he 
h a s a l s o t r a n s m i t t e d t o m a n y u s h i s 
en thus iasm and devot ion to sc ience . 
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