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Abstract

The effects of streptozotocin (STZ) diabetes and insulin on

regulation of renal kallikrein were studied in the rat. 1 and 2
wk after STZ injection, diabetic rats had reduced renal levels
and urinary excretion of active kallikrein. Tissue and urinary
prokallikrein levels were unchanged, but the rate of renal pro-

kallikrein synthesis relative to total protein synthesis was re-

duced 3045% in diabetic rats. Treatment of diabetic rats with
insulin prevented or reversed the fall in tissue level and excre-

tion rate of active kallikrein and normalized prokallikrein syn-

thesis rate. To further examine insulin's effects, nondiabetic
rats were treated with escalating insulin doses to produce hy-
perinsulinemia. In these rats, renal active kallikrein increased.
Although renal prokallikrein was not increased significantly by
hyperinsulinemia, its synthesis was increased. As this was ac-

companied by proportionally increased total protein synthesis,
relative kallikrein synthesis rate was not changed. Excretion of
active kallikrein was unchanged, but prokallikrein excretion
was markedly reduced. Therefore, increased tissue active kal-
likrein seen with hyperinsulinemia can be explained not only
by increased synthesis but also by retention and increased ac-

tivation of renal prokallikrein. These studies show that STZ
diabetes produces an impairment in renal kallikrein synthesis
and suggest that this disease state also impairs renal prokal-
likrein activation. The findings also suggest that insulin modu-
lates renal kallikrein production, activation, and excretion.

Introduction
Studies suggest that renal kallikrein and its kinin products
have a role in renal hemodynamic regulation (1, 2). It was

recently demonstrated that kallikrein-containing cells of the
rat (3) and human (Vio, C., personal communication) distal
nephron are adjacent (within 5 ,um) to the glomerular afferent
arteriole. Intact glomeruli have been shown to have specific
binding sites for kinins (4). These findings and the fact that
kinins can stimulate eicosanoid production by both afferent
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arterioles and glomerular mesangial cells support the possibil-
ity that the renal kallikrein-kinin system may be a participant
in the tubuloglomerular feedback mechanisms that regulate
glomerular function (5-8). Kinins can also cause marked
changes in electrolyte and water transport in renal tubules and
in other transporting epithelia (9-12). These properties of
renal kallikrein and kinins may be relevant to numerous ob-
servations, made over the years, of abnormalities of both the
enzyme and its products in hypertensive and renal dis-
eases (13).

Because diabetes mellitus is associated with abnormalities
of renal hemodynamics and renal electrolyte metabolism,
which may contribute to the complications of the disease, we
began studies of renal kallikrein in diabetic humans and ani-
mal models (14, 15). Wepreviously found that renal levels and
excretion of immunoreactive kallikrein and kallikrein-like es-
terase activity are reduced in streptozotocin (STZ)' diabetes,
and this reduction precedes the onset of systemic hypertension
in this model (1 5). Hayashi et al. (16) reported similar findings.
In the present studies, we have investigated mechanisms re-
sponsible for the reduced renal kallikrein content and enzy-
matic activity in this diabetic model as well as the effects of
insulin on renal kallikrein synthesis, levels, and excretion. A
monoclonal antibody that recognizes only active kallikrein
was used to quantitate active and prokallikrein in renal tissue
and urine (1 7), and a recently developed technique was used to
measure the rate of prokallikrein synthesis ( 1 8).

Methods

STZ-diabetic rats. Male Sprague-Dawley rats (Charles River Breeding
Laboratories, Inc., Wilmington, MA) weighing 185-220 g were used in
these studies. Rats were housed four to five per cage, except when urine
was collected over 24 h, when they were housed individually in meta-
bolic cages (Nalge Co., Rochester, NY). At all times rats had free access
to water and regular chow. Diabetes was induced by a single intrave-
nous injection of STZ, 65 mg/kg body wt. STZ was a gift from the
Upjohn Co., Kalamazoo, MI. Control rats received no injection. After
24 h diabetes was confirmed in STZ-treated rats by tail-vein plasma
glucose level. Rats were excluded if their plasma glucose was < 250
mg/dl. Glucose levels were subsequently measured at 9 a.m., at inter-
vals throughout the studies, to characterize the diabetic state. Diabetic
rats treated with insulin were given daily (10 a.m.) subcutaneous in-
jections of 2.00-2.25 U protamine zinc insulin (PZI; protamine zinc
and iletin, Eli Lilly & Co., Indianapolis, IN). Insulin treatment was
begun 24 h after STZ injection, after diabetes was confirmed, or de-
layed for 1 wk. In the latter studies PZI was supplemented on the first 2
d of treatment with 2 U of regular insulin (Iletin II, Eli Lilly & Co.)
given at 5 p.m.

Urines collected were assayed for glucose and active and prokal-
likrein. At predetermined times, rats were anesthetized with sodium

1. Abbreviations used in this paper: PZI, protamine zinc insulin; SBTI,
soybean trypsin inhibitor; STZ, streptozotocin.
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pentobarbital (50 mg/kg body wt i.p.) or ether (synthesis rate studies),
and kidneys were removed for measurements of total protein, kal-
likrein, and kallikrein synthesis rate. Each kidney was perfused via the
renal hilus with 10 ml iced cold saline (0.9%) and then immediately
frozen at -20'C until assays were performed. To measure synthesis
rates, rats were injected intraperitoneally with [35S]methionine: 1 MCi/g
body wt, diluted 1 MCi/Mul saline (translation grade, > 800 Ci/mmol,
New England Nuclear, Boston, MA). 20 min after injection, rats were
anesthetized and the kidneys prepared as above.

Hyperinsulinemic nondiabetic rats. Renal kallikrein synthesis,
level, and excretion rate were measured in normal rats treated with
insulin to produce hyperinsulinemia. The protocol used is shown in
Fig. 1 and was adapted from Kobayashi and Olefsky (19). Male Spra-
gue-Dawley rats weighing 180-230 g were injected subcutaneously,
twice daily (from day 2), with progressively increasing doses of iso-
phane insulin suspension (neutral protamine Hagedorn, Iletin II, Eli
Lilly & Co.). One-third of the daily dose was given at 9 a.m., and
two-thirds at 5 p.m. The control group was injected at the same times
with an equal volume of insulin diluting fluid (Eli Lilly & Co.). To
avert hypoglycemia, insulin-treated rats had free access to sugar cubes
and 5% glucose drinking water, in addition to regular rat chow. Rats
were housed four to five per cage or individually in metabolic cages for
urine collection. On days 5 and 12, tail-vein plasma glucose levels were
measured before the a.m. and p.m. doses of insulin. On day 13, 24 h
after the last injection, the rats were anesthetized and kidneys were
removed and prepared as above. Insulin levels were measured in
plasma obtained at the end of the study by cardiac puncture. Animals
in which kallikrein synthesis rate was measured received an intraperi-
toneal injection of [S3]methionine 20 min before being anesthetized
and killed.

Preparation of kidney homogenates. Kidney tissue was minced
and homogenized in 5 ml PBS (0.14 MNaCl in 0.01 MNa2HPO4-
NaH2PO4, pH 7.4) with a teflon/glass homogenizer (15 strokes). So-
dium deoxycholate was then added to the tissue homogenate (0.5%,
final concentration) which was then incubated at 4VC for 60 min. The
homogenate was centrifuged (27,000 g) at 4VC for 45 min and the
supernatant centrifugally filtered through Sephadex G-25 (Pharmacia
Fine Chemicals, Piscataway, NJ) to remove salts and detergent (15).
Filtered supernatant was used for the kallikrein and protein assays and
measurements of kallikrein synthesis.

Assay of kallikreins. Active kallikrein was measured in urine and
kidney tissue by a radioimmunoassay (20), which was modified by
using a monoclonal antibody (hybridoma clone VIC3) that recognizes
only active tissue kallikrein ( 17). Prokallikrein was measured after its
conversion to active enzyme by trypsin. Time of incubation, ratios of
trypsin to homogenate protein concentration, and trypsin to soybean
trypsin inhibitor (SBTI) were evaluated to determine conditions for
maximum activation of prokallikrein and complete trypsin inhibition
by SBTI. Aliquots of urine (10 Ml) were incubated with trypsin (1I Mg,
type III from bovine pancreas; Sigma Chemical Co., St. Louis, MO) in
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40 IAI 0.2 MTris-HCl buffer, pH 8.0, for 15 min at 370C. Trypsin was
then inhibited with SBTI (8 gg, type I; Sigma Chemical Co.), and
incubation was continued an additional 15 min. For activation of
prokallikrein in tissue homogenate (10 ,l), the concentrations of tryp-
sin and SBTI were doubled, and the incubation period was 60 min.
After activation, the urine incubate was diluted 250-fold and the tissue
incubate was diluted 5-fold in assay buffer (PBS, containing 1%bovine
serum albumin, pH 7.0) for radioimmunoassay. Measured immunore-
active kallikrein in trypsin-treated samples is total kallikrein. Active
kallikrein was measured in aliquots of urine or tissue homogenate that
were incubated with premixed trypsin and SBTI, as well as buffer
alone. The values obtained for active kallikrein in the latter two tubes
were not significantly different (e.g., urine: 160±9 vs. 161 ±1 1 Mg/d,
mean±SE, n = 12, trypsin/SBTI vs. buffer alone, respectively). The
prokallikrein level was calculated by subtracting active from total kal-
likrein. In experiments in which kallikrein synthesis was measured,
renal kallikrein content was also measured by a radioimmunoassay
that incorporates the same polyclonal antiserum used for kallikrein
precipitation in the synthesis rate measurement (18). Since this anti-
serum does not distinguish active from prokallikrein, the measured
levels reflect total tissue kallikrein (20). Tissue kallikrein levels are
expressed as nanograms per milligram protein.

Tissue kallikrein synthesis rate. Relative kallikrein synthesis rate
was measured using [35S]methionine, according to the technique of
Miller et al. (18). To measure incorporation of the labeled amino acid
into total protein, duplicate aliquots (20 Ml) of desalted homogenate
supernatant were treated with 50 Ml of 0.1 MNaOHat 370C for 30
min. Bovine serum albumin and casein hydrolysate were then added to
each aliquot (0.1 and 0.2% final concentrations, respectively). Each
tube was treated with 0.5 ml 10% TCA, and the precipitated protein
was recovered after centrifugation (4,000 g) at 4VC for 10 min. The
pellet was washed twice with 1.0 ml 5%TCA containing 0.2% casein
hydrolysate. After final centrifugation, the pellet was retained, dis-
solved in 0.2 ml 0.1 MNaOH, and transferred to a vial containing
liquid scintillation cocktail for counting of radioactivity. Each tube was
washed with 0.3 ml of H20, and this was also added to the counting
vial.

Incorporation of [35S]methionine into kallikrein was measured in
the desalted homogenate supernatant by precipitating kallikrein with a
sheep anti-rat kallikrein antiserum. Kidney homogenate supernatant
was first recentrifuged (27,000 g) at 4°C for 90 min. The pellet was
discarded, and to the supernatant were added Triton X- 100, SDS, and
EDTA(1 %, 0.1 %, and 0.1 mMfinal concentrations, respectively). The
supernatant was then centrifuged ( 181,000 g) at 4°C for 45 min in an
ultracentrifuge with a 50 Ti rotor (Beckman Instruments, Inc., Fuller-
ton, CA.). To the resulting supernatant was added unlabeled carrier
kallikrein, to achieve a final kallikrein content of 8 Mg/tube in a final
volume of 0.8-1.0 ml. Undiluted kallikrein antiserum (5 M4l/Mug kal-
likrein) was added to duplicate aliquots (0.8-1.0 ml), and these were
incubated for 18 h at 4°C. Another set of duplicate tubes was treated
with equal amounts of nonimmune sheep serum to measure nonspe-
cific precipitation. After incubation, all tubes were centrifuged (5,000
g) at 4°C for 30 min. The precipitates were recovered and washed twice
with 1 ml H20 containing Triton X- 100, SDS, and EDTA(concentra-
tions as above). The final pellet was dissolved in 0.2 ml 0.1 MNaOH.
This dissolved pellet, along with 0.3 ml H20 used to rinse each tube,
was counted as described for the TCA precipitates. Efficiency of im-
munoprecipitation was assessed by measuring the precipitation of
125I-rat urinary kallikrein added to identically processed tissue sam-
ples. This did not differ between diabetic and control tissues and aver-
aged 60%. Therefore, values were not corrected for efficiency of precip-
itation.

Other assays. Plasma and urine glucose were measured by the
glucose-oxidase method (21) in a glucose analyzer (Beckman Instru-
ments, Inc.). Tissue homogenate protein was measured by the method
of Lowry et al. (22), using bovine serum albumin as standard. Plasma
insulin was measured by radioimmunoassay (23).

Statistical analysis. Data are expressed as mean±SE. Differences
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were determined by Student's t test for paired or unpaired observa-
tions, by analysis of variance for repeated measures (BMDP2V, BMDP
Statistical Software Inc., Los Angeles, CA), or by nonparametric analy-
sis using the Wilcoxon rank-sum test. Differences were considered
significant at a level of P < 0.05.

Results

Renal kallikrein levels and excretion in diabetes. Renal tissue
levels of total, active, and prokallikrein in control and diabetic
rats at 2 wk are shown in Fig. 2. A reduction in total kallikrein
seen in diabetic rats is entirely accounted for by a reduction in
the level of active kallikrein (25.6±2.2 vs. 54.7±2.7 ng/mg
protein, diabetic vs. control, respectively, P < 0.001). Renal
prokallikrein levels were unchanged by the diabetic state
(24.1±1.8 vs. 24.7±3.0 ng/mg protein, diabetic vs. control).
Plasma glucose levels in the diabetic rats, measured at the end
of the study, were 489±22 mg/dl, compared with 1 19±3 mg/dl
in control rats (P < 0.00 1). Final body weights were 234±6 g in
diabetic rats and 288±2 g in controls (P < 0.001).

Wethen examined the effects of insulin replacement on
both renal levels and urinary excretion of active and prokal-
likrein. 1 wk after induction of diabetes (n = 13), kallikrein
excretion was measured in diabetic (n = 12) and control rats (n
= 12). Six of the rats from each group were killed for measure-
ment of renal kallikrein and the remainder of the diabetic rats
(n = 7) were begun on daily insulin treatment (2.25 U PZI). At
the end of the second week, urinary and renal tissue kallikrein
levels were measured in these insulin-treated diabetic and age-
matched control rats.

The body weights, plasma glucose levels, and urinary glu-
cose excretion of these diabetic and control rats are shown in
Table I. Body weight was reduced in diabetic rats after 1 wk,
but after insulin replacement weight increased, such that dia-
betic and control rats had similar weights at the end of the
second week. Plasma glucose levels in diabetic rats were mark-
edly increased at 1 and 7 d, and were associated with heavy
glycosuria on day 7. Insulin treatment reduced plasma and
urinary glucose to or below control levels on day 14.

Renal levels and urinary excretion of active and prokal-
likrein in these rats are shown in Fig. 3. After 1 wk, diabetic
rats had reduced renal tissue levels of active kallikrein. This
reduction in active kallikrein (44%) was similar to the reduc-
tion seen after 2 wk of diabetes in the first study (53%). Neither
renal prokallikrein nor total kallikrein level was changed after
1 wk of diabetes. The reduction in renal active kallikrein in-
duced by diabetes was accompanied by a reduction in excre-
tion of active enzyme, and the normal renal prokallikrein level
was accompanied by normal prokallikrein excretion. Replace-
ment of insulin in diabetic rats, for 7 d, returned renal and
urinary active kallikrein to levels not different from control
rats. The fall in renal kallikrein induced by diabetes, and re-
versed by insulin, was also evident when kallikrein levels are
expressed as nanograms kallikrein per gram tissue or nano-

Table I. Body Weights, and Plasma and Urinary Glucose
in Control and Diabetic Rats before (Days 1 and 7) and after
(Day 14) Insulin Treatment*

Day
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Figure 2. Renal tissue levels of total, active, and prokallikrein in con-
trol (C) and 2-wk STZ-diabetic (D) rats. Active kallikrein was mea-
sured by radioimmunoassay with a monoclonal antibody specific for
active enzyme. Prokallikrein was derived after assay of a trypsin-acti-
vated sample. Bars indicate the mean±SE and the numbers at the
base of the solid bars represent the number of animals in each group
for all measurements. *P < 0.001 compared with control.

Body weight (g)
Control 201±3.5

(12)
Diabetic 198±3.5

(13)
Plasma glucose

(mg/dl)
Control

Diabetic

Urinary glucose
(g/d)

Control

Diabetic

250±4.8
(12)
206±7.1t

(13)

125±4
(12)
383±20t
(13)

165±6
(12)
468±28t

(13)

0.01±0.001
(12)
8.69±0.540t
(12)

14

300±7.0
(6)
289±5.0

(7)

180±6
(6)
105±23§

(7)

0.02±0.003
(6)
0.27±0.160
(6)

* Diabetic rats were injected with STZ on day 0. Rats not killed on
day 7 were begun on insulin treatment, which continued through
day 14 (2 U regular for 2 d and 2.25 U PZI for 7 d). Plasma glucose
levels were measured from tail-vein plasma on day 1 and from car-
diac puncture under anesthesia on days 7 and 14, thus accounting
for the increase in plasma glucose in control rats between days 1 and
7. Numbers of rats in each group are given in parentheses below each
value.
* P < 0.001 vs. control.
P < 0.02 vs. control.
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Figure 3. Levels of renal and urinary active and prokallikrein in con-
trol (C), STZ-diabetic (D), and STZ-diabetic rats treated with insulin
(D + I). After 7 d, six control and six diabetic rats were killed for
measurement of renal kallikrein. The remaining diabetic rats were

begun on insulin treatment (see Methods for details). After 7 d of in-
sulin treatment (D + I), these rats and their age-matched controls
were killed on day 14. At 7 d, diabetic rats had reduced renal and
urinary active kallikrein, and these changes were reversed by insulin
replacement. Prokallikrein levels were unchanged. The number at
the base of each bar is the number of animals on which the measure-

ments were made. *P < 0.001, §P < 0.05, compared with control.

grams per kidney, and therefore was not secondary to altered
renal size or protein content.

Renal kallikrein synthesis in diabetes. The reductions in
active kallikrein in renal tissue and urine, together with the
normal prokallikrein level, suggest that activation of the
proenzyme may be impaired in diabetes. If activation is im-
paired, the absence of raised tissue or urinary prokallikrein
suggests that prokallikrein synthesis also might be impaired.
Therefore, prokallikrein synthesis was measured in two stud-
ies. Study 1 examined synthesis in untreated diabetic and con-

trol rats, and in study 2 measurements were made in insulin-
treated diabetic rats (Table II).

In study 1, diabetic rats showed reduced body weight and
marked hyperglycemia 2 wk after STZ, compared with control
rats. Renal total kallikrein, measured with polyclonal anti-
serum, was significantly reduced in diabetic rats, and this re-
duction was accompanied by a proportional decrease in the
relative rate of prokallikrein synthesis (Table II). The level was
reduced by 43% and synthesis by 45%compared with control.
Measurement of renal kallikrein with the monoclonal anti-
body radioimmunoassay showed a similar, 49%, reduction in
total kallikrein. As before, this reduction was due to reduced

active kallikrein (23.6±3.7 vs.. 63.2±5.3 ng/mg protein, dia-
betic vs. control, respectively, P < 0.001), whereas renal pro-
kallikrein was unchanged (16.7±1.4 vs. 17.6±2.4 ng/mg pro-
tein).

In study 2, untreated diabetic rats showed reduced weight
gain and marked hyperglycemia at 2 wk, but the insulin-
treated rats had body weights and plasma glucose levels not
different from controls. The diabetic rats in study 2 showed
significantly reduced renal total kallikrein and reduced pro-
kallikrein synthesis; however, insulin-treated diabetic rats
showed normal total kallikrein content and normal prokal-
likrein synthesis rate (Table II). Similar to study 1, active renal
kallikrein (monoclonal assay) in diabetic rats was reduced,
compared with levels in control rats (32.5±2.6 vs. 54.5±3.6
ng/mg protein, P < 0.001). Insulin-treated diabetic rats
showed normal active kallikrein (43.8±3.0 ng/mg protein).
Again, renal prokallikrein was not reduced in diabetic rats
(21.7±2.1 vs. 24.1±1.9 ng/mg protein, diabetic vs. control,
respectively).

Renal kallikrein levels and excretion in hyperinsulinemia.
The effects of insulin on renal kallikrein were also studied in
nondiabetic rats made hyperinsulinemic by treatment with in-
sulin. The protocol is shown in Fig. 1. Plasma glucose and
insulin levels in these insulin-treated and control rats are
shown in Table III. In insulin-treated rats, p.m. plasma glucose
levels were significantly reduced by day 5, yet remained within
the normal range. By day 12, the insulin-treated rats showed a
further reduction in p.m. plasma glucose. The plasma insulin
level obtained 20-22 h after the last p.m. insulin injection was
significantly increased in these rats, compared with control
rats.

Renal kallikrein levels (day 13) and urinary excretion (day
12) are shown in Fig. 4. The level of active, as well as total,
renal kallikrein was significantly increased in hyperinsulin-
emic rats compared with controls (P < 0.05 or less). Renal
prokallikrein tended to increase, but the change was not statis-
tically significant (P < 0.07). In contrast to increased renal
levels of kallikrein, urinary excretion of total and prokallikrein
were significantly reduced in hyperinsulinemic rats (P < 0.005,
both), with prokallikrein excretion nearly half that in controls.
This finding of reduced total and prokallikrein excretion on
day 12, in the face of increased renal levels of total and active
enzyme, is supported by additional measurements obtained in
a subset of rats from each group (n = 6, each). In these rats
excretion rates were measured throughout the 12-d course of
insulin treatment. The results (Fig. 5) show a sustained reduc-
tion in prokallikrein excretion in hyperinsulinemic rats from
day 9. Active kallikrein excretion in these rats did not differ
from controls throughout the 12 d of study.

Renal kallikrein synthesis in hyperinsulinemia. Renal kal-
likrein synthesis was measured in groups of hyperinsulinemic
and control rats. Plasma glucose levels on day 12 (p.m.) in
hyperinsulinemic rats in this study were similar (61±6 mg/dl)
to- those reported above. Renal levels and synthesis rates of
kallikrein, measured on day 13, are shown in Table IV. The
tissue level of total kallikrein (polyclonal antibody radioimmu-
noassay) was significantly increased in hyperinsulinemic rats.
Measurements with the monoclonal antibody radioimmuno-
assay showed that renal active kallikrein was increased in hy-
perinsulinemic rats (74.9±4.1 vs. 59.9±3.7 ng/mg protein, P
< 0.02) without a significant increase in prokallikrein
(45.2±3.5 vs. 40.9±2.6 ng/mg protein, hyperinsulinemic vs.
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Table II. Renal Kallikrein Content and Synthesis Rate in Control, Diabetic, and Insulin-treated Diabetic
(Diabetes Plus Insulin) Rats at 2 wk

Control Diabetic
(n = 16) (n = 20) Diabetes + insulin

Study 1
Body weight (g) 290±2 233±4$
Plasma glucose (mg/dl) 120±4 506±17*
Kallikrein content (ng/mg protein) 47.7±2.4 27.0±1.6$
Kallikrein synthesis rate:* 3.04±0.43 1.68±0.09§
103 X ratio (1)/(2)

1 Kallikrein cpm/mg protein 8.83±1.47 6.69±0.61
2 TCAprotein cpm/mg protein 3,711±564 3,933±271

Control Diabetic Diabetes + insulin
(n = 8) (n = 6) (n = 15)

Study 2
Body weight (g) 303±5 244±18$ 293±5
Plasma glucose (mg/dl) 127±5 440±18$ 160±27
Kallikrein content (ng/mg protein) 39.3±2.9 23.7±2.8§ 43.0±1.6
Kallikrein synthesis rate:*

103 X ratio (1)/(2) 1.90±0.21 1.33±0.101 1.91±0.14
1 Kallikrein cpm/mg protein 19.77±7.2 12.05±3.2" 18.55±6.92
2 TCAprotein cpm/mg protein 11,086±826 8,894±423 9,862±769

* Rats were injected with [35S]methionine (intraperitoneally) and killed after 20 min. The incorporation of methionine label was measured in
immunoprecipitated kallikrein (line 1) and total, TCA-precipitated protein (line 2). The ratio of these counts is the relative rate of kallikrein
synthesis (see Methods for details). Kallikrein content shown is total immunoreactive kallikrein measured with polyclonal antiserum. See text
for active and prokallikrein levels. * P < 0.001, § P < 0.005, "l P < 0.05 or less, vs. control and diabetes plus insulin (study 2).

control, respectively). [35S]Methionine incorporated into kal-
likrein and into total protein were both significantly increased
in hyperinsulinemic rats (Table IV). Therefore, the relative
rate of kallikrein synthesis was not different, suggesting that
synthesis of many renal proteins was increased by insulin.

Discussion

In a previous study we found that renal tissue levels and uri-
nary excretion of total immunoreactive kallikrein were re-

Table III. Plasma Glucose and Insulin Levels in Control
and Hyperinsulinemic Rats

Plasma glucose (mg/dl)

Day 5 Day 12
Plasma

a.m. p.m. a.m. p.m. insulin

MU/mi

Control
(n = 10) 127±4 - 124±2 41.4±4.0

Hyperinsulinemic
(n = 14) 130±3 102±8t 145±4 70±12* 69.0±8.8t

The protocol of twice daily insulin treatment to produce hyperinsu-
linemia in rats is shown in Fig. 1. Control rats were injected with
equal volumes of vehicle. Plasma for glucose was drawn before insu-
lin injections at 9 a.m. and 5 p.m. Plasma for insulin was drawn 22 h
after the final p.m. insulin dose.
* P < 0.001 vs. control.
* P < 0.01 vs. control.

duced in the STZ-diabetic rat (15). The application of a newly
developed, monoclonal antibody radioimmunoassay for ac-
tive kallikrein (17) now reveals that STZ diabetes reduces renal
and urinary active kallikrein, while prokallikrein levels in tis-
sue and urine remain normal. In addition, the relative kal-
likrein synthesis rate is also reduced in the STZ-diabetic rat,
and this is the first disease state in which an abnormality of
kallikrein synthesis has been found. This reduction in prokal-
likrein synthesis, accompanied by a normal tissue prokal-
likrein level and a reduced level of active kallikrein, suggests
that the reduction in active kallikrein in STZ diabetes is due to
impaired renal prokallikrein activation, rather than an in-
crease in the level of an inhibitor of active kallikrein. This
conclusion is also supported by the finding that kallikrein was
reduced in measurements using the kallikrein polyclonal anti-
serum, which detects complexed kallikrein (24).

The response of renal kallikrein to insulin treatment, in
either STZ-diabetic or normal rats, suggests that insulin modu-
lates renal kallikrein production and that changes in circulat-
ing insulin levels might explain the renal kallikrein abnormali-
ties in diabetes. First, replacement of insulin in STZ-diabetic
rats resulted in a normalization of kallikrein synthesis, tissue
level, and excretion rate. Second, in diabetic rats, untreated or
treated with insulin, the level of renal active kallikrein corre-
lated directly with the plasma insulin level measured at the
same time (r = 0.66, data not shown). Third, administration of
insulin to normal rats, in a dosage which produced hyperinsu-
linemia, produced a significant increase in the tissue level of
active kallikrein and tended to increase the renal prokallikrein
level. Fourth, measurements of synthesis rate in this model of
insulin excess revealed that incorporation of methionine label
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Figure 4. Levels of renal and urinary total, active, and prokallikrein
in control (C) and hyperinsulinemic (H-I) nondiabetic rats. After 12
d of treatment with escalating doses of insulin (Fig. 1), renal active
kallikrein was increased in the H-I group. Urinary excretion of total
and prokallikrein were reduced compared with controls. Each bar
represents the mean±SE of measurements made on the number of
animals indicated at the base of the solid bars for each group. tP
< 0.005, §P < 0.05, compared with control.

into kallikrein, as well as into TCA-precipitated protein, was

increased (Table IV). Since these increases in incorporation of
label were proportional, kallikrein synthesis relative to total
protein synthesis was not increased by insulin excess.

Taken together, these responses in diabetic and normal rats
suggest that insulin's effects on the synthesis of kallikrein and
total protein differ between states of low, normal, and excess
insulin. That is, incorporation of [35S]methionine into renal
kallikfein was increased after insulin replacement in diabetic
rats and after insulin administration which produced insulin
excess in normal rats. However, incorporation of labeled
amino acid into total, TCA-precipitated protein was signifi-
cantly increased only in the latter. Although we did not detect
an increase in TCA-precipitated protein counts in the insulin-
treated diabetic rats, it is possible that insulin replacement did
increase synthesis of some proteins other than kallikrein, but
that we were not able to detect the increase in counts that
would be contributed from these proteins, as we were able to
do for selectively precipitated kallikrein.

It is relevant to point out that phosphoenolpyruvate car-

Days

Figure 5. Urinary excretion of active and prokallikrein in control
and hyperinsulinemic rats. Treatment with escalating doses of insu-
lin for 12 d (Fig. 1) resulted in a significant reduction in the excre-
tion of prokallikrein, which was first noted on day 9. *P < 0.001,
**P < 0.01, tP < 0.02, §P < 0.05, compared with control.

boxykinase, the only other specific renal protein for which
synthesis rate has been measured in diabetes, showed an op-
posite response from that we observed for tissue kallikrein.
The level and synthesis of this enzyme was increased in al-
loxan-diabetic rats (25). Similarly, Seyer-Hansen found that
total renal protein, total RNA, DNA, and renal weight were
increased shortly after the induction of STZ diabetes, and in-
sulin treatment prevented increases in protein and RNA, but
not DNA (26). It is uncertain whether these changes reflect
increased protein synthesis in the diabetic kidney, as studies of
amino acid incorporation were not done. In studies of other
renal hypertrophic states, it has not always been possible to
correlate protein accumulation with increased amino acid uti-

Table IV. Effects of Hyperinsulinemia on Kallikrein Levels
and In Vivo Incorporation of [35S]Methionine into Kallikrein
and Total Protein in the Kidney

Control Hyperinsulinemic
(h= 10) (n= 14)

Kallikrein content (ng/mg protein) 41.2±2.8 49.4±2.2*
Kallikrein synthesis rate:*

103 X ratio (1)/(2) 3.07±0.23 3.19±0.18
1 Kallikrein cpm/mg protein 25.5±1.9 35.3±2.3§
2 TCAprotein cpm/mg protein 8,325+212 11,133±271"

* Rats were injected with [35S]methionine (intraperitoneally) and
killed after 20 min. The incorporation of methionine label was mea-
sured in immunoprecipitated kallikrein (line 1) and total, TCA-pre-
cipitated protein (line 2). The ratio of these counts is the relative rate
of kallikrein synthesis (see Methods for details). Kallikrein content
shown is total immunoreactive kallikrein measured With polyclonal
antiserum. See text for active and prokallikrein levels.
P < 0.05 vs. control.
P < 0.001 vs. control.
P < 0.005 vs. control.
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lization (27), suggesting that reduced degradation may contrib-
ute to the increase in protein content in diabetic kidneys.
While we found that the incorporation of [35S]methionine into
kallikrein in diabetic kidneys was generally reduced, incorpo-
ration into TCA-precipitated protein was not different from
control rat kidneys (Table II). Therefore, the reduction in kal-
likrein synthesis relative to total protein synthesis cannot be
explained by increased total protein synthesis. Neither is the
reduction in renal kallikrein level in diabetes (nanograms per
milligram protein) merely the result of increased protein con-
tent, because the changes persist when levels are expressed
relative to kidney weight or as total renal kallikrein content.
Although the effects of diabetes and insulin on renal kallikrein
may not be unique to this enzyme, it is apparent that the
spectrum of kallikrein changes we observed are not simply due
to generalized changes in renal proteins in response to diabetes
or insulin.

In this regard, in the hyperinsulinemic rats we could not
attribute the increase in renal active kallikrein to a specific
increase in kallikrein synthesis rate. Since the major route of
kallikrein elimination from renal tissue is the urine (28), and
urinary excretion of prokallikrein in hyperinsulinemic rats was
markedly reduced (46%), it is reasonable to suggest that the
increase in tissue active kallikrein resulted from reduced pro-
kallikrein excretion and increased activation. Although re-
duced, the magnitude of reduction in prokallikrein excretion
in hyperinsulinemic rats was not accompanied by a quantita-
tively equivalent increase in renal kallikrein content. That is,
daily prokallikrein excretion was reduced - 60 ,ug, whereas
the increase in active and prokallikrein of both kidneys to-
talled - 5 ug. This suggests that a significant portion of the
unexcreted prokallikrein must be either degraded in the kid-

ney or released by other routes as zymogen or active enzyme.
Wedid find a small (18%), but significant, increase in the level
of serum immunoreactive tissue kallikrein in these rats (data
not shown). The notion that increased activation of renal tis-
sue prokallikrein occurred in hyperinsulinemic rats is sup-
ported by the consistent finding that increasing circulating in-
sulin, from low to normal or normal to excess, was associated
with increased renal active kallikrein, independent of changes
in tissue prokallikrein level.

The relationships between insulin and renal kallikrein reg-
ulation suggested by our data are depicted in Fig. 6. Several
facts may be relevant to our finding that insulin stimulates
prokallikrein synthesis and activation. Receptors for insulin
have been identified on the basolateral membrane of rat and
rabbit renal tubule cells (29, 30), and in rat kidney these re-
ceptors have structural and functional properties similar to
insulin receptors in other tissues (29). In the rabbit it has been
shown that the density of insulin receptors is greatest in the
distal convoluted tubule (30), a site where kallikrein has been
localized by immunohistochemical and microdissection tech-
niques (31-33), and where kinins are generated (34). Further-
more, ultrastructural immunocytochemistry has demon-
strated that kallikrein is distributed along the basolateral
membranes of connecting tubule cells in the distal tubule (35),
and these membranes, when isolated, contain both active en-
zyme and prokallikrein (36). Amongst its effects on renal
function, insulin increases sodium reabsorption by the distal
tubule (37). It is possible that renal kallikrein could be in-
volved in this action of insulin because states of sodium reten-
tion can be associated with raised renal kallikrein levels and
synthesis ( 18, 38), and kinin products of tissue kallikreins are
potent stimuli to renal epithelial ion transport (9-11). It is
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Figure 6. Schematic representation of renal kallikrein during states

of deficient, normal, or excess insulin. The arrow within each cell
represents the rate of kallikrein synthesis; the arrow within the mem-

brane, the rate of prokallikrein activation, and the arrows above the
cells represent the rates of excretion of prokallikrein and active kal-
likrein. The sizes of the arrows are directly proportional to the rates

Hyperinsulinemia
(Insulin Excess)

represented. The numbers of pegs, solid (prokallikrein) and shaded
(active kallikrein), are proportional to the measured levels of enzyme

in tissue (depicted within the membrane) or urine (above each cell).
It is not certain that all activation occurs within the membrane, or

that all tissue kallikrein is membrane bound.
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worthy of note that when diabetic or normal rats were treated
with insulin in our study, increases in renal kallikrein were
accompanied by significant reductions in sodium excretion
(data not shown).

Other data are beginning to suggest that renal kallikrein
and kinins participate in tubuloglomerular feedback mecha-
nisms (1-8), and our preliminary studies support the possibil-
ity that the abnormalities of renal kallikrein we have discov-
ered may contribute to abnormalities in renal hemodynamics
and glomerular filtration. In the untreated STZ-diabetic rat,
reduced renal and urinary active kallikrein are associated with
reduced glomerular filtration rate and renal plasma flow, and
both the kallikrein and renal function abnormalities are re-
versed by treatment with insulin (39). Diabetic rats that are
chronically treated with insulin show increases above normal
in renal as well as urinary active kallikrein. These rats have
raised renal plasma flow and glomerular filtration, which can
be reversed by treatment with aprotinin (40). The nondiabetic
hyperinsulinemic rats that have raised renal active kallikrein
also show increased relative rates of glomerular filtration and
renal plasma flow (unpublished observations). More recently,
we have found that other hyperfiltration states are associated
with raised kallikrein activity as well (41). The availability of
specific kallikrein inhibitors (42) and kinin antagonists (43)
now make it possible to begin to assess the significance of
alterations in kallikrein regulation to renal function.
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