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Abstract

This study examined the role of tissue kallikrein and Kinins in
renal vasodilation produced by infusion of amino acids (AA). In
rats fed a 9% protein diet for 2 wk, intravenous infusion of a
10% AA solution over 60-90 min reduced total renal vascular
resistance and increased glomerular filtration rate (GFR) by
25-40% and renal plasma flow (RPF) by 23-30% from base-
line. This was associated with a two- to threefold increase in
urinary kinin excretion rate. Acute treatment of rats with apro-
tinin, a kallikrein inhibitor, resulted in deposition of immunore-
active aprotinin in kallikrein-containing connecting tubule cells
and inhibited renal kallikrein activity by 90%. Aprotinin pre-
treatment abolished the rise in urinary kinins and prevented
significant increases in GFR and RPF in response to AA. In a
second group of rats pretreated with a B, kinin receptor antago-
nist, [DArg Hyp?, Thi%® D Phe’] bradykinin, AA infusion raised
urinary kinins identically as in untreated controls, but GFR and
RPF responses were absent. Aprotinin or the kinin antagonist
produced no consistent change in renal function in rats that
were not infused with AA. AA-induced increases in kinins were
not associated with an increase in renal kallikrein activity. Nota-
bly, tissue active kallikrein level fell 50% in AA-infused rats.
These studies provide evidence that kinins generated in the
kidney participate in mediating renal vasodilation during acute
infusion of AA. (J. Clin. Invest. 1992. 89:1460-1468.) Key
words: renal function « tissue kallikrein « dietary protein  kal-
likrein inhibitor « kinin antagonist

Introduction

Several recent studies in animals and humans confirm the ear-
lier findings of Pitts that intravenous infusion of amino acids
(AA)' produces a rapid and pronounced rise in glomerular fil-
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tration rate (GFR) and renal plasma flow (RPF) (1-4). These
responses also occur after enteral ingestion of a protein meal (5,
6). Micropuncture studies in the rat show that AA infusion
lowers resistance of glomerular afferent and efferent arterioles,
consequently increasing glomerular capillary plasma flow (2,
7). Interest in the renal hemodynamic effects of protein and AA
has heightened because of studies demonstrating that lowered
glomerular capillary flow and pressure may be one mechanism
by which dietary protein restriction slows progression of experi-
mental renal diseases (8, 9).

The mediators of AA-induced renal vasodilation are not
clearly defined. Several endocrine and paracrine factors have
been implicated. Infusion of AA stimulates insulin, glucagon,
and growth hormone release. Although glucagon and growth
hormone administration can raise GFR and RPF, several stud-
ies suggest that individually these hormones do not mediate the
actions of AA (10-14). However, some data suggest that insu-
lin, glucagon, and growth hormone in concert may play a
role (10).

Amongst paracrine factors, several studies have measured
the responses of renal prostaglandins or the effects of inhibiting
their production during AA infusion or acute oral protein load-
ing in humans or rats. From these studies, urinary eicosanoid
levels do not show consistent responses, and pretreatment with
indomethacin attenuates or prevents the rise in GFR and RPF
in some but not in other studies (4-6, 11, 15-17). Increases in
urinary prostaglandin (PG)E, or 6-keto-PGF,a have been ob-
served more consistently after several days of high protein in-
take (18-21). In addition, glomerular eicosanoid synthesis is
increased in rats challenged acutely or chronically with protein
(17, 19, 22).

Sustained high protein intake raises plasma renin activity
and renin mRNA levels in the kidney (18, 23, 24). However, it
is difficult to relate the renal vasodilatory effects of protein or
AA to increased renin activity. Angiotensin converting enzyme
inhibitors can blunt the GFR rise after a protein meal, but these
drugs also inhibit kinin degradation and their effects may be
due to changes in intrarenal kinin levels (25-28).

We have made recent discoveries that suggest that kal-
likrein and kinins participate in mediating the renal hemody-
namic response to protein (29, 30). In normal humans, acute
protein ingestion increases renal kinin excretion in parallel
with a rise in GFR (29). Continued high protein intake pro-
duces a sustained increase in urinary kinins as well as active
kallikrein within one to two ‘days (29). In rats, a high protein
diet increases renal synthesis of prokallikrein, together with
increased excretion of active kallikrein, prokallikrein, and kin-
ins (30). Moreover, treating these rats with aprotinin, a kal-
likrein inhibitor, lowers GFR and RPF to normal (30). Al-
though these data support the notion that the renal kallikrein—
kinin system mediates vasodilation induced by protein, such a



conclusion is tentative. Aprotinin is not a specific inhibitor of
kallikrein, and it is a cationic protein. Therefore, its administra-
tion may have effects unrelated to inhibiting kallikrein activity
or kinin production. In the present study, we employed a re-
cently developed B, kinin receptor antagonist to examine the
role of kinins in the acute renal vasodilatory response to AA.

Methods

Male Sprague-Dawley rats (Charles River Laboratories, Wilmington,
MA) weighing 220-240 g were used in all studies. Rats were housed
three to four per cage in a temperature and light controlled room, and
were fed ad lib. a 9% protein diet (Teklad Premier Laboratory Diets,
Madison, WI) for 10-14 d before acute study. The protein source was
casein and the diet was supplemented with methionine to maintain
growth.

On the day of study, rats were anesthetized with an intraperitoneal
injection of Inactin, 100 mg/kg body wt (BKY Gulden, Konstanz,
FRG). They were immediately placed on a thermo-regulated heating
pad and rectal temperature was maintained at 36-37°C throughout the
experiment. Tracheostomy was performed and the left ureter was can-
nulated with polyethylene 10 tubing for collection of urine. The left
femoral artery was cannulated with polyethylene 50 tubing for blood
sampling and direct continuous recording of blood pressure. The tail
vein was cannulated with a 27-gauge needle for infusion of solutions.
Blood loss associated with surgery (1% body wt) was replaced over
20-30 min with plasma donated from rats also fed 9% protein. After
completion of surgery, rats were allowed to recover for 60 min before
renal function was measured. Saline (0.9%) was infused at 2.8 ml/h
during the recovery and baseline measurement periods.

Protocols. To examine the effects of AA on GFR, RPF, and urinary
kallikrein and kinins, rats were infused with a 10% AA mixture (Ami-
nosyn; Abbott Laboratories, Chicago, IL). After two 20-30-min base-
line measurement periods, the saline infusion was replaced by the AA
solution, infused at the same rate (2.8 ml/h) for three additional mea-
surement periods of 20-30 min (280-380 mg AA infused). This proto-
col was carried out twice, first in conjunction with studying effects of
aprotinin (n = 11) and subsequently when studying effects of the kinin
antagonist (7 = 9) on renal responses to AA (detailed below). Time
control studies were performed by infusing rats with 0.9% saline (2.8
mi/h) for five consecutive periods (n = 7). Additional controls were
performed by infusing saline for two 30-min periods followed by 20%
dextrose for three periods (n = 6). Dextrose was infused in an amount
equivalent to the osmolar load of AA infused to examine if the renal
kinin responses were due to osmolality changes.

To examine the effects of a kallikrein inhibitor on the renal vasodi-
lation induced by AA, rats were given an intravenous bolus of apro-
tinin, 20,000 kallikrein inhibitory units KIU/kg body wt, followed by
an infusion of 2,000 KIU/kg per min (n = 10). The bolus was given 30
min before the first baseline measurement period and the infusion con-
tinued up to and throughout the baseline and AA challenge periods.
The dose of aprotinin was chosen because it inhibited renal kallikrein
activity by 90% and was without effect on systemic blood pressure (31).
The effect of this aprotinin dose on renal function was also examined in
rats infused with aprotinin for five periods but without AA infused.

To examine the effects of blocking kinin action, AA-infused rats
were pretreated with a B, kinin receptor antagonist (D-Arg-Arg-Pro-
Hyp-Gly-Thi-Ser-DPhe-Thi-Arg-TFA). Two doses of antagonist were
employed. In one group of rats (n = 8) an intravenous bolus of 10
ug/kg, given at the beginning of the first baseline period, was followed
by continuous infusion of 0.5 ug/kg per min throughout baseline and
AA infusion periods. In a second group (n = 5) a bolus of 20 ug/kg was
followed by infusion of 1.0 ug/kg per min throughout. The effect of the
latter dose on kinin-induced hypotension was tested in rats pretreated
with converting enzyme inhibitor. This dose inhibited by 30-50% the
effect of an intravenous bradykinin bolus titrated to reduce mean arte-
rial pressure 15-20 mmHg. The effect of 1.0 ug/kg per min kinin antag-

onist on renal function was also examined in rats infused with antago-
nist for five periods but without AA infused.

At the end of all studies, kidneys were excised, perfused free of
blood with iced 0.9% saline, and stored at —20°C for subsequent mea-
surements of total protein, active and prokallikrein, and kallikrein-like
esterase activity.

Clearance studies. GFR and RPF were measured by the renal clear-
ance of 'Cr-EDTA (New England Nuclear, Boston, MA) and '*I-
Orthoiodohippuran (Amersham Corp., Arlington Heights, IL), respec-
tively. An intravenous bolus of 2 xCi/100 g body wt 3'Cr-EDTA and
0.5 uCi/100 g '»I-Hippuran in 150 ul saline was followed by infusion of
10 Ci/h 'Cr-EDTA and 2.5 xCi/h '*I-Hippuran. These isotopes were
mixed in the saline or AA solution such that total fluid infused re-
mained at 2.8 ml/h. Infusion of isotopes was begun 60 min before
clearance measurements. Urine was collected from the left ureter over
20-30 min into preweighed polypropylene tubes, kept on ice to pre-
serve kinins. Arterial blood (200 ul) was drawn at the midpoint of each
urine collection for measurement of hematocrit, plasma protein con-
centration, and radioactivities of *'Cr and '**I. Blood drawn was re-
placed with rat plasma. Radioactivities in urine and plasma were
counted in a dual channel gamma counter and clearances expressed as
milliliters per minute per kidney. Hippuran extraction was determined
from concentrations in peripheral arterial blood and renal venous
blood drawn at the end of each study. RPF was corrected for the extrac-
tion ratio. In preliminary studies, we determined that aprotinin and the
kinin antagonist did not alter Hippuran extraction. Total renal vascu-
lar resistance (TRVR) was calculated by the formula: TRVR = mean
blood pressure (mmHg) divided by renal blood flow. Renal blood flow
equals RPF/(1-hematocrit).

Preparation of kidney homogenate. Excised kidneys were perfused
via the renal hilus by a hand-held syringe with 10 ml of ice-cold 0.9%
saline and then immediately stored at —20°C. Subsequently, kidneys
were thawed, minced, and homogenized in 5 ml PBS (0.14 M NaCl in
0.01 M Na,HPO,-NaH,PO,, pH 7.4) with 15 strokes of a Teflon ho-
mogenizer (Wheaton Instruments, Millville, NJ). Sodium deoxycho-
late was added to the homogenate (0.5% final concentration), followed
by incubation at 4°C for 60 min. The homogenate was centrifuged
(27,000 g at 4°C for 45 min) and the resultant supernatant was centrifu-
gally filtered through Sephadex G 25 (Pharmacia Inc., Piscataway, NJ)
to remove salts and detergent. Filtered supernatant was used for mea-
surement of kallikrein, kallikrein-like esterase activity, and total pro-
tein.

Assays. Active and prokallikrein were measured by a monoclonal
antibody radioimmunoassay which has been described in detail (32).
The antibody recognizes only active tissue kallikrein (33). Prokal-
likrein was determined by assaying active kallikrein in each sample
before and after trypsin treatment, which converts all prokallikrein to
active enzyme, and subtracting the pretreatment concentration from
the total after trypsin. Kallikrein-like esterase activity was measured
according to the method of Beavan et al., using *H-tosyl-L-arginine
methyl ester substrate (34). To measure urinary kinins, urine was col-
lected directly from the ureter into iced tubes. 1 vol of urine, free of
blood as determined by Labstix (Miles Laboratories Inc., Elkhart, IN),
was placed in 4 vol of absolute ethanol. The mixture was centrifuged at
5,000 g and the supernatant recovered and dried under air. The dried
residue was reconstituted in kinin assay buffer for direct radioimmuno-
assay (35). Protein concentration in kidney homogenates and plasma
was determined by the method of Lowry et al. (36).

Immunocytochemistry. Immunocytochemical co-localization of
kallikrein and aprotinin was performed in kidneys of seven rats infused
with aprotinin and AA, as described above, to determine if aprotinin
localized to kallikrein-containing connecting tubule cells (37). At the
end of the infusion, the kidney was removed and immediately sliced
into 2-mm sections, which were fixed in Bouin’s solution for 24-48 h.
Sections were then embedded in paraffin (Paraplast-Plus; Brunswick
Labs, St. Louis, MO) or plastic (Methacrylate; Ladd Research Indus-
tries, Burlington, VT). For Paraplast-Plus embedding, tissues were de-
hydrated in a graded series of ethanol solutions followed by n-butanol
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Figure 1. GFR, RPF, and urinary kinin ex-
cretion rate during baseline (30 and 60
min) and amino acid infusion (90 to 150
min). Values at each point were measured
over the preceding 30-min interval. Control
rats (open squares) and aprotinin-treated
rats (closed squares) received 380 mg of
amino acid mixture (10% solution) over 90
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and then Paraplast-Plus; serial consecutive sections 5 um thick (semi-
thick sections) were then cut and mounted on glass slides. Methacrylate
embedding was done as previously described (38). Tissues were dehy-
drated in a graded series of ethanol solutions followed by pure acetone.
Infiltration was done with 1:1 mixture of acetone and methacrylate (an
8:2 mixture of butyl-methacrylate and methyl-methacrylate) for 1 h at
room temperature. Tissues were then transferred to glass vials contain-
ing an 8:2 mixture of butyl-methacrylate to methyl-methacrylate with
1 mg/ml of Irgacure 651 (Ladd Research Industries) as a catalyst. Com-
plete polymerization was obtained under a cold ultraviolet lamp after
12-24 h of exposure. Serial sections of 1 um (thin sections) were cut on
an ultramicrotome and mounted on glass slides.

The immunostaining procedure employed was the unlabeled anti-
body method of Sternberger and Joseph, as previously modified- to
describe the cellular localization of kallikrein in the rat nephron (38).
The following supplies were obtained commercially: goat antiserum
against rabbit IgG, normal rabbit serum, normal goat serum, peroxi-
dase-antiperoxidase (PAP) complex of rabbit origin (Sternberger-
Meyer, Jarrestville, MD). Semi-thick (Paraplast) or thin (methacrylate)
sections were subjected to immunoperoxidase staining. All antisera
and PAP complexes were diluted in 0.05 M Tris-phosphate (pH 7.6)
containing 0.7% A-carageenan, and 0.5% Triton X-100. The antiserum
dilutions used were as follows: kallikrein, 1:10,000; aprotinin, 1:4,000.
Immunostaining was accomplished by incubating the tissue mounted
on glass slides for 18-24 h in glass staining jars containing different
primary antisera at 22°C. Slides were then incubated with second anti-
body (goat antiserum against rabbit IgG; 1:20) for 30 min, followed by
PAP complex (1:150) for 30 min, and then incubated with a solution
containing 0.2% 3,3'-diamino-benzidine tetrahydrochloride and 0.01%
H,0, in 0.5 M Tris-phosphate (pH 7.6) for 15 min. Between incuba-
tions slides were extensively washed with buffer. After staining, slides
were dehydrated, cleared with xylene, and cover-slipped. The tissue
sections were counterstained with hematoxylin, studied in a Nikon
Optiphot microscope and photographed with a Nikon Microflex
UFXIIA photographic system (Nippon Kogagu K K., Tokyo, Japan).
The specificity of the immunostaining was demonstrated by prior ab-
sorption of antisera with pure aprotinin or kallikrein (37).

Statistical analysis. Data are expressed as mean+SEM and were
analyzed by analysis of variance for repeated measurements. Differ-
ences were considered significant if P < 0.05. In analyzing data from
renal function studies, the Scheffe’s contrast was employed to take
advantage of preassigned baseline and AA-infusion periods. This test
guards against type I error due to multiple analyses.

Results

Effects of amino acids on renal function and kinins. Fig. 1 and
Table I show the effects of AA infusion on left kidney GFR,
RPF, and renal kinin excretion. Expressed as percent change
from the initial baseline value at 30 min, GFR increased 25%
during AA in control rats (Fig. 1). From an average baseline
level of 1.51+0.09 ml/min, GFR increased during AA to
1.89+0.10 ml/min at 90-120 min (P < 0.001, Table I). RPF
increased 23%, from an average baseline of 6.06+0.47 ml/min
to 7.53+0.57 ml/min at 90-120 min (P < 0.001). Filtration
fraction was unchanged (0.25+0.01 vs. 0.26+0.01, baseline vs.
AA, respectively). As shown in Table II, TRVR fell during AA
infusion. Renal vasodilation was accompanied by more than a
threefold rise in excretion rate of kinins (Fig. 1). Urinary kinins
increased from an average baseline excretion rate of 2.75+0.43
pg/min per kidney to 10.1£1.71 at 150 min (P < 0.001).
Saline infusion at the same volume rate as AA produced no
change in GFR or RPF (Table III). Moreover, saline infusion
produced no significant change in renal kinin excretion
(3.95+1.20 vs. 5.77+1.75 pg/min per kidney, 0-30 min vs.
120-150 min, respectively). In addition, a 90-min infusion of
20% dextrose, at a volume rate and osmolar load equal to the
AA, produced no significant change in GFR, RPF, or urinary
kinin excretion (GFR, 1.4320.08 vs. 1.29+0.03 ml/min; RPF,
6.30+0.58 vs. 4.68+0.25 ml/min; kinins, 5.42+0.92 vs.

Table I. Renal Function in Control and Aprotinin-treated Rats Infused with Amino Acids

Baseline Amino acids
Minutes 0-30 30-60 60-90 90-120 120-150

GFR (ml/min)

Control 1.51+0.08 1.53+0.11 1.73+£0.09* 1.89+0.10* 1.86+0.12*

Aprotinin 1.47+0.06 1.41+0.08 1.58+0.07 1.59+0.09 1.46+0.12
RPF (ml/min)

Control 6.14+0.40 5.80+0.52 6.67+0.50* 7.53+0.57* 7.37+0.67*

Aprotinin 5.73+0.30 4.94+0.30% 5.69+0.25 5.89+0.34 5.58+0.52

* P <0.001 vs. baseline period. ¥ P < 0.05 vs. 0-30-min period.
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Table I1. Effects of Infusing Amino Acids in Control or Aprotinin-treated Rats

Baseline Amino acids
Minutes 0-30 30-60 60-90 90-120 120-150

Mean arterial pressure (mmHg)

Control 103+2 108+2 110+2 109+2 1052

Aprotinin 104+2 108+3 107+2 109+3 106+3
Plasma protein (g/dl)

Control 5.8+0.2 5.7+0.2 5.6+£0.2 5.5+0.2 5.7+0.2

Aprotinin 5.9+0.2 5.8+0.3 5.8+0.3 4.7+0.3 6.0+0.4
Hematocrit (vol %)

Control 43.1+0.6 42.4+0.6 42.0+0.5 41.5+0.6 41.4+0.6

Aprotinin 45.0£0.8 44.3+0.9 434+1.0 43.1+£1.0 43.0+1.1
Urine volume (ul/min)

Control 21.4+3.2 27.6+5.1 32.0+6.1 30.3+4.6 31.3+5.8

Aprotinin 20.4+4.6 20.8+4.4 26.1+4.6 27.9+5.3 20.4+4.6
TRVR (mmHg/ml per min)

Control 12.3+0.9 14.5+1.3 12.7+1.1* 11.3£1.1* 11.1+0.8*

Aprotinin 12.8+0.7 15.8+1.3 13.6+0.7 13.5+0.7 14.7£14

* P < 0.003 vs. baseline period.

4.62+1.14 pg/min per kidney, 0-30 min baseline vs. 120-150
min dextrose, respectively).

Effect of aprotinin on amino acid-induced changes. In rats
treated with aprotinin and subsequently infused with AA, base-
line GFR was unchanged (Fig. 1 and Table I). However, RPF
fell slightly between the first and second basecline periods
(5.73%£0.30 vs. 4.94+0.30, Table I). Because this was statisti-
cally significant, the 30-60 min baseline RPF was used for
analysis of subsequent changes during AA. The isolated drop in
RPF at 30-60 min appeared not to be a consistent effect of
aprotinin, because rats infused for 150 min with aprotinin, but
without AA, showed no change in RPF or GFR (Table III).

In aprotinin-treated rats, AA infusion did not produce a
significant change in GFR or RPF (Fig. 1 and Table I). Apro-
tinin also abolished the rise in urinary kinins and fall in TRVR
during AA (Fig. 1 and Table II). Mean arterial pressure, plasma
protein concentration, hematocrit, and urine volume were not
altered during the baseline period by aprotinin, compared to

control rats, and these parameters were unchanged from base-
line during AA infusion in either group (Table II). Renal kal-
likrein-like esterase activity was markedly inhibited in apro-
tinin-treated rats compared to uninfused controls (23628 vs.
2324+174 milliesterase U/g protein, P < 0.001).
Immunocytochemical localization of aprotinin. Immuno-
staining of aprotinin and kallikrein was carried out in 20 con-
secutive serial sections of kidney from each of seven rats treated
with aprotinin. Fig. 2, A-F, shows two consecutive serial sec-
tions from three kidneys. Intense kallikrein immunoreactivity
was seen in connecting tubule cells that lie adjacent to the affer-
ent arteriole (photomicrographs 4, C, and E). Aprotinin immu-
noreactivity was observed in the same portion of the nephron
(B, D, and F). In the 1-um methacrylate sections, identical
connecting tubule cells can be seen that contain both kallikrein
and aprotinin (photomicrographs E and F). Aprotinin or kal-
likrein was not seen in glomeruli, afferent or efferent arterioles,
or macula densa. However, aprotinin staining was seen in

Table II1. Renal Function in Rats Infused with Saline, Aprotinin, or Kinin Antagonist (1.0 ug/kg per min)

Minutes 0-30 30-60

60-90 90-120 120-150
Saline
GFR (ml/min) 1.36+0.06 1.40+0.05 1.38+0.05 1.39+0.08 1.48+0.06
RPF (ml/min) 5.01+0.27 4.70+0.22 4.85+0.22 5.04+0.43 5.24+0.31
Aprotinin
GFR (ml/min) 1.1110.06 1.38+0.10 1.29+0.05 1.25+0.06 1.35+0.07
RPF (ml/min) 4.39+0.36 5.19+0.47 4.80+0.20 4.47+0.16 4.81+0.18
Minutes 0-20 20-40 40-60 60-80 80-100
Kinin antagonist
GFR (ml/min) 1.05+0.08 1.25+0.15 1.16+0.08 1.25+0.04 1.26+0.09
RPF (ml/min) 3.94+0.12 4.73+0.86 4.10+0.13 4.48+0.21 4.42+0.30
Renal Kinins as Mediators of Amino Acid-Induced Hyperperfusion and Hyperfiltration =~ 1463



Figure 2. Immunocytochemical localization of kallikrein (4, C, E) and aprotinin (B, D, F) in adjacent serial sections. Sections 4-D are 5-um
thick paraffin sections, and E-F are 1-um thick methacrylate sections. Connecting tubules () can be seen adjacent to the afferent arteriole (44)
leading to a glomerulus (G). In thick sections, the same connecting tubules that contains kallikrein positive cells (4 and C) also show positive
staining for aprotinin in the adjacent serial section (B and D). In adjacent thin sections (E and F), the same cells can be identified that contain
kallikrein and aprotinin immunoreactivity. Some aprotinin staining is seen in proximal tubules where filtered aprotinin was reabsorbed.

proximal tubule segments, where reabsorption of filtered apro-
tinin occurs.

Effects of kinin receptor antagonist on renal function. Fig. 3
and Table IV show the effects of a B, kinin receptor antagonist
on baseline and AA-induced changes in renal function. In un-
treated control rats in this study, AA infusion increased left

1464 Jaffaet al.

kidney GFR by 40%, from an average baseline level of
1.47+0.06 to 1.98+0.13 ml/min at 60-80 min (P < 0.001,
Table IV). RPF increased 30%, from an average baseline of
5.59+0.27 to 7.46+0.48 ml/min (P < 0.001). As before, filtra-
tion fraction did not change (0.25+0.01 vs. 0.27+0.01, baseline
vs. AA, respectively). Similar to the first study, AA-induced
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the beginning of the first baseline period, followed by the continuous infusion of 0.5 or 1.0 ug/kg per min, respectively. GFR and RPF increased
significantly in controls (P < 0.001 for all AA periods) but not in antagonist-treated rats. Kinin excretion was unaltered by the antagonist and

increased twofold (P < 0.001) in all groups.

increases in GFR and RPF were associated with a marked rise
in urinary kinins (Fig. 3). Urinary kinin excretion increased
from an average baseline rate of 5.49+2.16 pg/min per kidney
to 13.9+6.96 at 100 min (P < 0.001, Fig. 3).

In rats treated with the lower dose of kinin antagonist (0.5
pg/kg per min) GFR and RPF did not increase significantly
during AA (Fig. 3 and Table IV). However, there was a ten-
dency for RPF to rise, and TRVR did fall significantly (Table
V). The higher dose of kinin antagonist (1 ug/kg per min) com-
pletely blocked GFR, RPF, and TRVR responses to AA. Al-
though these functional responses were blocked by the kinin
antagonist, the rise in urinary kinins was unaltered by either
dose of antagonist and was nearly identical in magnitude in
antagonist-treated and control groups (Fig. 3). Infusion of the
higher dose of antagonist produced no change in GFR or RPF
over five periods in rats not given AA (Table III).

Mean arterial pressure, plasma protein concentration, and
hematocrit were not different during baseline in antagonist-
treated rats compared to control rats, and these parameters did
not change during AA infusion in either group (Table V). Al-
though baseline urine volume tended to be lower in rats treated
with the high dose of antagonist, the difference was not statisti-
cally significant. Moreover, during AA infusion, urine volume
did not change in any of the groups.

Renal and urinary kallikrein. To study mechanisms for in-
creased renal kinin generation in response to AA, we measured
renal kallikrein level, activity, and excretion rate. By radioim-
munoassay, renal active kallikrein in AA-infused rats was re-
duced at least 50%, compared to levels in either uninfused or
saline-infused rats (Fig. 4). Kallikrein-like esterase activity was
similarly reduced (1,222+178, 2,324+174, and 2,256+312

milliesterase U/g protein in AA-infused, uninfused, and saline-
infused rats, respectively). Prokallikrein levels (RIA) were not
significantly different between these three groups (10.8+0.9,
12.7£0.6, 11.4%0.9, ng/mg protein).

Despite the fall in.renal tissue active kallikrein, urinary ex-
cretion rates of active and prokallikrein were not changed by
AA infusion (active: 88+8 vs. 82+17 ng/min, prokallikrein:
32+4 vs. 37+4 ng/min, baseline vs. AA, respectively). Urinary
kallikrein-like esterase activity was similarly unchanged
(1.64%0.17 vs. 1.81+0.26 milliesterase/min, baseline vs. AA,
respectively).

Discussion

The present studies show that AA-induced increases in renal
perfusion and filtration are associated with a marked rise in
urinary kinins; that administration of a kallikrein inhibitor
prevents the rise in urinary kinins and attenuates the increases
in GFR and RPF in response to AA; and finally, that a kinin
receptor antagonist abolishes GFR and RPF responses to AA
despite increased kinin production. Collectively these findings
strongly suggest that kinins are involved in mediating renal
hemodynamic responses to AA and may provide the clearest
demonstration thus far for a role of kinins as mediators of
physiologic hemodynamic events in the kidney.

Although the function of the kallikrein—kinin system in
renal hemodynamic homeostasis is not clearly defined, a num-
ber of studies implicate its participation. Kinins infused into
the renal artery in high doses increase glomerular plasma flow
by reducing resistance of afferent and efferent arterioles, but
GFR does not increase significantly because the ultrafiltration

Table IV. Renal Function in Control or Kinin Antagonist-treated (0.5 or 1.0 ug/kg per min) Rats Infused with Amino Acids

Baseline

Amino acids
Minutes 0-20 20-40 40-60 60-80 80-100

GFR (ml/min)

Control 1.42+0.07 1.5120.06 1.64+0.06* 1.98+0.13* 1.80+0.09*

(0.5 pg/kg per min) 1.71+0.16 1.77£0.11 1.79+0.04 1.89+0.04 1.88+0.06

(1.0 pg/kg per min) 1.53+0.11 1.54+0.06 1.50+0.09 1.44+0.13 1.48+0.12
RPF (ml/min)

Control 5.78+0.32 5.39+0.25 5.93+0.28* 7.46+0.48* 6.87+0.38*

(0.5 pg/kg per min) 6.04+0.67 6.15+0.44 6.35+0.24 7.25+0.19 7.18+0.21

(1.0 pg/kg per min) 5.45+0.55 5.62+0.28 5.23+0.28 5.69+0.64 5.77+0.81
* P <0.001 vs. baseline period.
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Table V. Effects of Infusing per Amino Acids (Control) or Amino Acids and Kinin Antagonist (0.5 or 1.0 pg/kg per min)

Baseline Amino acids
Minutes 0-20 20-40 40-60 60-80 80-100

Mean arterial pressure (mmHg)

Control 100+2 103+2 105+2 104+2 102+3

(0.5 ug/kg per min) 103+4 105+4 1073 106+3 100+3

(1.0 ug/kg per min) 102+4 103+4 103+4 1014 98+4
Plasma protein (g/dl)

Control 6.5+0.5 6.7+0.4 6.0+0.3 6.0+0.4 6.1+0.4

(0.5 ug/kg per min) 6.6+0.3 6.3+0.4 6.3+0.4 6.3+0.2 6.6+0.2

(1.0 pg/kg per min) 5.9+0.3 5.4+0.4 6.7+0.7 5.9+0.3 5.3+0.1
Hematocrit (vol %)

Control 48.4+0.9 48.0+1.0 46.4+1.1 46.3+0.9 46.1x£1.0

(0.5 ug/kg per min) 47.4+0.6 46.1+0.7 46.1+0.7 45.6x1.1 45.3+0.8

(1.0 ug/kg per min) 46.4+1.4 45.2+1.7 45.0+1.4 43.6+1.4 45.0+1.9
Urine volume (ul/min)

Control 22.3+6.0 27.6+5.9 22.1+4.0 17.9+2.4 16.2+2.1

(0.5 pg/kg per min) 29.4+4.2 30.6+3.5 26.5+3.5 22.4+2.3 24.3+4.5

(1.0 pg/kg per min) 13.6+4.8 11.4+£3.2 9.3%£2.5 7.1£2.1 7.9+3.3
TRVR (mmHg/ml per min)

Control 11.1£0.6 12.5+0.7 12.1£0.6 9.6+0.7 10.4+0.8

(0.5 ug/kg per min) 11.9+1.1 11.9+0.8 11.6+0.6* 9.9+0.4* 9.6+0.4*

(1.0 ug/kg per min) 13.1£1.5 12.7+£6.0 13.8+1.0 13.3+£1.9 12.3+1.8

* P <0.01 vs. baseline period.

coefficient falls (39). Infusion of lower doses of kinin into the
isolated perfused kidney raises both GFR and RPF (40). The
disparity in GFR and RPF responses to high dose kinin is also
seen with other potent vasodilators, such as PGE,, which raise
RPF but not GRF when infused (39). Although the renal vaso-
dilatory effect of exogenously infused kinins are blocked by a
kinin antagonist, it is difficult to conclude from infusing kinins
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Figure 4. Renal tissue kallikrein levels in uninfused control (solid
bar), saline-infused (stippled bar), and amino acid-infused (open bar)
rats. Tissue levels were measured at the end of the infusion period.
Amino acid infusion produced a 50% reduction in active kallikrein.
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how endogenously generated kinins regulate glomerular func-
tion (41).

The same kinin antagonist we employed has been used by
others to study the role of endogenous kinins in renal hemody-
namic regulation. Infusion of the antagonist into normal rats
reduced RPF but not GFR (42, 43). A similar effect on RPF has
been observed in sodium depleted dogs (44, 45). However,
when GFR, RPF, and kinin levels were elevated by administer-
ing kininase inhibitors, the kinin antagonist reduced GFR as
well as RPF in normal and deoxycorticosterone-treated rats
(46, 47). These observations may be relevant to our findings
that AA-induced increases in GFR and RPF, associated with
increased kinin production, were blocked by the kinin antago-
nist, whereas the antagonist had no effect on baseline function
in rats fed 9% protein. We previously reported that 9% protein-
fed rats have low basal kinin excretion (30). Therefore, ours
and previous data suggest that the effect of the kinin antagonist
on renal function depends on the renal kinin levels.

Fernandez-Repollet et al. reported that protein-restricted
rats have elevated renal vascular resistance and administration
of captopril, a kininase II inhibitor, reduces the resistance (23).
Given our findings, it is quite plausible that the fall in renal
vascular resistance produced by captopril in protein-restricted
rats is due to increased renal kinin levels rather than reduced
angiotensin II. This notion is supported by our observation
that renal kininase activity is increased in 9% protein-fed rats
and falls with AA infusion (unpublished data).

We were surprised to find that active renal kallikrein levels
fell following AA, while urinary excretion of active kallikrein
did not change. We previously showed that rats chronically fed
a high (50%) protein diet manifest increased renal synthesis
and excretion of kallikrein, together with increased urinary



kinin excretion (30). In other studies we were not able to detect
any changes in kallikrein synthesis or release into the venous
circulation which would explain the fall in tissue level follow-
ing AA (unpublished data). Collectively, our data suggest that
reduced kinin degradation contributes to increased renal kin-
ins following acute AA or chronic dietary protein challenge,
and during chronic high protein intake an increase in kallikrein
activity may also contribute. Nonetheless, the present study
shows that the increase in kinin excretion during AA infusion is
dependent on kallikrein, or another kininogenase that is inhib-
ited by aprotinin. When aprotinin was given in a dose that
inhibited renal kallikrein activity by 90%, kinins did not in-

crease in response to AA, and neither GFR nor RPF increased. -

We cannot exclude the possibilities that aprotinin blocked
the responses to AA by inhibiting another kininogenase or by a
nonspecific renal or extrarenal effect. However, aprotinin did
not alter function in rats that were not infused with AA. More-
over, immunocytochemical co-localization showed that apro-
tinin rapidly accumulated in kallikrein-containing cells of the
connecting tubule. This suggests that kallikrein was inhibited
at its cellular site of release by the acute aprotinin infusion.
Thus, given all of our findings, it seems most likely that apro-
tinin inhibited hemodynamic responses to AA by inhibiting
renal kallikrein, the predominate kininogenase in kidney.

The exact mechanisms by which kallikrein in the connect-
ing tubule could regulate glomerular function are unclear, but
several recent findings provide anatomical and functional
frameworks for such a role. First,immunocytochemical studies
in rat and human kidney demonstrate in more than 80% of
nephrons that the connecting tubule containing kallikrein
passes within 3 um of the afferent arteriole (48, 49). Low molec-
ular weight kininogen substrate is contained in principal cells,
which are interspersed with connecting tubule cells in this
nephron segment (50). Secondly, kallikrein trafficks to the baso-
lateral membrane of connecting tubule cells (37). As an ectoen-
zyme on the basolateral cell membrane, or upon release into
the interstitial space, kallikrein could generate kinins near the
afferent arteriole (51). Third, it has been demonstrated that
kinins added to the antilumenal side of isolated perfused rat
afferent arterioles results in reduced resistance (52). Finally, B,
kinin receptors have been identified in isolated glomerular
membranes, suggesting that other sites within the glomerulus
may also be functionally responsive to kinins (53).

Our data indicate that kinins are acting through a B, kinin
receptor to reduce renal vascular resistance following AA. We
cannot conclude whether their actions are direct or via genera-
tion of secondary vasoactive products. Kinins can induce pros-
tacyclin and PGE, production by isolated rat afferent arterioles
(54). A recent preliminary report suggests that bradykinin also
stimulates release of endothelial-derived relaxing factor
(EDRF) from glomerular endothelial cells co-cultured with
mesangial cells (55). Two other studies have found that L-N®-
monomethyl arginine, an inhibitor of EDRF synthesis, par-
tially or completely blocks GFR and RPF responses to AA
infusion in rats (56, 57). Therefore, eicosanoids or EDRF may
be downstream mediators or modulators of kinin’s actions on
the glomerulus.

In summary, the present findings, together with our pre-
vious observations in rats and humans (29, 30), support the
concept that amino acids as well as dietary protein alter the
activity of the renal kallikrein—kinin system, and these changes

Renal Kinins as Mediators of Amino Acid-Induced Hyperperfusion and Hyperfiltration

participate in mediating renal hemodynamic responses to
amino acids and protein.
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