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Abstract. A defect in the renin-angiotensin system has been shown in diabetic patients and 
experimental animals, in particular with nephropathy or autonomic neuropathy. The mechanism 
for this low plasma renin activity (PRA) is poorly understood. In order to clarify this defect, 
the renin-angiotensin system was studied in alloxan-induced diabetic and age-match control 
mice. In diabetic animals, kidney renin activity (KRA) was significantly lower than that of the 
controls, while plasma renin substrate (PRS) concentration was slightly higher and PRA was 
normal. The amount of injected radiolabeled renin extracted by the kidney was normal, but 
the amount extracted by the liver was significantly decreased in diabetic animals. On the other 
hand, the degradation of the extracted renin by both the kidney and the liver was elevated as 
compared to the controls. This high degradation rate was accompanied by a slight increase in 
lysosomal protease activity in the kidneys. In in vivo studies, isoproterenol-induced PRA was 
20-fold in control animals. In diabetics, isoproterenol-induced PRA was attenuated and rose 
only four- to fivefold over basal level. The angiotensin converting enzyme (ACE) activity in 
the kidney was significantly decreased in the diabetic state. It is concluded that there were 
multiple defects in the renin-angiotensin system in this diabetic model, namely, a depletion of 
renin storage with subsequent loss of maximal responsiveness to the adrenergic agonist in renin 
release, an elevation of intrarenal renin degradation together with a deficiency in ACE which 
would possibly lead to a decrease in intrarenal formation of angiotensin 11. o 1985 Society for 

Experimental Biology and Medicine. 

Renal failure is one of the major causes of 
death in patients with diabetes mellitus. This 
condition is often associated with high blood 
pressure ( 1 ). The renin-angiot ensin system 
has been extensively studied by Christlieb’s 
group and others in diabetic patients and 
experimental-induced diabetic animals (2-7). 
In diabetic patients, whether hypertensive or 
normotensive, the plasma rmin activity 
(PRA) has been variously reported as high, 
normal, or low in uncomplicaterd, nonketotic 
conditions (4, 5, 7). When the disease is 
complicated by nephropathy or autonomic 
neuropathy, most studies show a suppression 
of PRA (7-9). The mechanisms responsible 
for the decreased PRA in diabetics have not 
been clearly defined. 

In regard to studies on hemodynamics in 
diabetes, Mogensen has reported an increase 
in renal size, glomerular filtration rate, and 
filtration fraction ( 10). Micropuncture studies 
also indicate an increase in glomerular cap- 
illary pressures (1 1). An increase in urinary 
albumin excretion in patients and experi- 
mental animals with diabetes is suggested as 
a result of hemodynamic alterations or 

changes in the functional characteristics of 
the filtration barrier (12). 

The renin-angiotensin system has recently 
been emphasized as an intrarenal hormonal 
system in regulating renal functions, such as 
autoregulation and electrolyte balance ( 13) 
and we have reported that the kidney is 
endowed with a specific mechanism for renin 
degradation (14). In this report, we present 
results for the catabolic activity for renin in 
the diabetic kidney and liver. We further 
compared the degrees of renin release induced 
by isoproterenol, and the angiotensin con- 
verting enzyme (ACE) activity in the plasma 
and the kidney of diabetic animals against 
controls. These data suggest that in the dia- 
betic state, the renin-angiotensin system was 
greatly inhibited in this model. 

Methods. Induction of diabetes by alloxan. 
This procedure for alloxan-induced diabetes 
was followed as reported by Duncan and 
Bond (15). Male ICR albino mice (7 weeks 
old) from Harlan, Indiana, fasted for 18 hr 
were intraperitoneally injected with a single 
dose ( 170 mg/kg body wt) of freshly prepared 
alloxan (Eastman Organic Chemicals, Roch- 
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ester, N.Y.) in saline. Control mice received 
an equivalent amount of saline. All mice 
were then given free access to water and 
food. Diabetes was confirmed by glycosuria 
determined by glucose enzymatic test strip 
(Lilly, Indianapolis, Ind.). Experiments were 
performed between 3 to 5 weeks after alloxan 
injection. 

Renin-angiotensin system. PRA was de- 
termined in the presence of exogenous renin 
substrate (plasma from rats nephrectomized 
48 hr previously) by 10-min incubation at 
37°C to assure linear generation of angioten- 
sin I (2). The angiotensin I generated was 
determined by radioimmunoassay ( 16). Kid- 
ney renin activity (KRA) was determined as 
described previously (2). Plasma renin sub- 
strate (PRS) concentration was determined 
from 0.1 ml plasma in the presence of 4 pg 
purified renin A (16) from mouse submaxil- 
lary glands incubated at 37°C for 30 min. 
Angiotensin I formation was assayed as above. 
Angiotensin converting enzyme (ACE) activ- 
ity was determined from the plasma samples 
at pH 8.0 and from the kidney samples at 
pH 6.0 ( 1  7). 

Determination of lysosomal enzyme activ- 
ities. Acid phosphatase activity was deter- 
mined according to the procedure supplied 
by Sigma (St. Louis, Mo.). One unit repre- 
sents 1 pmole of product formed per 15 min 
at 37°C. Cathepsin D activity was determined 
by incubating the samples with bovine he- 
moglobin as substrate at pH 3.0 ( 1  8). One 
unit is defined as the quantity that would 
produce an increase in absorbance of 1.0 at 
280 nm in 60 min. Cathepsin B activity was 
assayed as previously described (19). One 
unit was defined as the quantity releasing 1 
nmole of 2-naphthylamine per minute under 
the assay conditions. N-Acetyl-P-glucosamin- 
idase (NAG) and P-glucuronidase activities 
were assayed with substrates, phenolphtha- 
lein-P-D-glucuronide and p-nitrophenyl-2-ac- 
etamido-2-deoxy-~-~-glucopyranoside, re- 
spectively, as previously described (20). 

Radioiodination of renin. Purified mouse 
kidney renin was prepared by pepstatin-affin- 
ity, immunoaffinity, and CM-cellulose chro- 
matographic techniques (16). The purity of 
this protein was judged by a single protein 
band in polyacrylamide gel electrophoresis. 
This renin was labeled with Na 1251 by chlo- 

ramine-T technique (14). Free 1251 was re- 
moved by BioRad AG 1 X8 resin and dialysis. 
Preparations with more than 99% of the 
radioactivity precipitable by 10% trichloro- 
acetic acid (TCA) would be used for further 
experiments. The specific activity of the ra- 
dioactive renin was 100- 120 mCi/mg protein. 

Accumulation and degradation of labeled 
renin. Control or diabetic mice were under 
pentobarbital anesthesia (60 mg/kg, ip) 
throughout the experiment. This procedure 
was adopted from the method of Mego et al. 
(2 1). Control and diabetic mice were injected 
intravenously with labeled renin ( 1 O6 cpm) 
under anesthesia as stated above. In vivo 
uptake of labeled renin by the kidneys and 
livers was allowed for 15 min. After that, 
these organs were washed by perfusion, re- 
moved, and homogenized separately with 20 
ml of ice-cold unbuffered 0.25 M sucrose. 
The amounts of renin extracted by the kid- 
neys and the livers were determined by the 
radioactivity in the homogenates. Homoge- 
nates were centrifuged at 500g for 5 min. 
The supernatant fractions were centrifuged 
again at 12,OOOg for 30 min. The lysosomal 
fractions obtained from the pellets were sus- 
pended in 0.25 M sucrose, 40 mM mercap- 
toethanol, 10 mM monoiodotyrosine, and 
25 mM Tris-acetate, pH 5.0. Samples of 1- 
ml aliquots were incubated at 37°C for 0, 
10, 20, 40, and 60 min. At the end of the 
incubation, 1 ml of 20% TCA was added to 
each sample. After 10 min on ice, the soluble 
and insoluble fractions were separated by 
centrifugation at 3000 rpm for 30 min. Ra- 
dioactivity was then determined in the pellet 
and the TCA-soluble supernatant fractions. 
The acid-soluble radioactivity has been dem- 
onstrated to consist of monoiodotyrosine as 
a protein digestive product in this laboratory 
and in others (21, 22). Therefore, the rate of 
labeled renin degradation in the lysosomal 
preparation was determined by the increase 
in TCA-soluble radioactivity over incubation 
time. 

Isoproterenol-induced renin release. Under 
pentobarbital anesthesia, 0.1 ml of saline or 
DL-isoproterenol HCl (Sigma) at a dose of 1 
pg/g body wt was injected through the jugular 
vein through a catheter in the control and 
diabetic mice. After 30 min, 0.1 ml blood 
was drawn from the inferior vena cava below 
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the renal veins by a syringe with a hypodermic 
needle G30 and then put into the: heparinized 
tubes. The plasma was separated by centrif- 
ugation at 4°C. Plasma renin activity was 
determined as described above. 

Protein assay and others. Proltein content 
was determined by Coomassie brilliant blue 
G-250 binding with bovine senum albumin 
being used as the standard (23)) Blood urea 
nitrogen (BUN) concentration was deter- 
mined by the method of Kaplari (24). Blood 
glucose was determined enzymatically by 
Statzyme glucose assay kits ('Worthington 
Diagnostics, Elk Grove Village, Ill.). 

Statistics. The significance of differences 
between groups was determined using Stu- 
dent's t test. The 0.05 level of probability 
was used as the criterion of significance. 

Results. Alloxan-induced diabetes in these 
mice was confirmed by the exhibition of 
glucosuria and polyuria. The variation in the 
susceptibility of these mice in the alloxan 
treatment was indicated by the large standard 
errors in the BUN concentration and the 
blood glucose levels in the diabetic mice 
(Table I). The wet weight of the kidney in 
the diabetics was significantly increased by 
32%. This renal hypertrophy has been well 
documented in patients and experimental 
animals with diabetes mellitus. 

A comparison of the renin-angiotensin 
system between the control and diabetic mice 
is shown in Table 11. PRA in the diabetic 
mice fluctuated widely and was not signifi- 
cantly different from control. Mean PRS in 

TABLE I. ORGAN WEIGHTS, PROTEIN CONTENTS, 
BLOOD UREA NITROGEN CONCENTRATIONS 

(BUN), AND PLASMA GLUCOSE LEVELS 

Control Diabetes 

Organ wet weights (g) 
Kidney 0.52 f 0.01 0.69 f 0.1 1 
Liver 1.98 f 0.32 1.89 f 0.27 

Protein content (mg) 
Kidney 62.8 f 4.6 81.9 f 31.6 
Liver 196.1 f 32.1 214.9 f 38.4 

Plasma glucose (mg/dl) 157.1 k 4.6 841.0 f 337.6 

BUN (mg %) 28.3 k 1.7 35.1 f 7.4 

Note. n = 12 for both control and diabetes. Data are 
expressed as means f SE. 

TABLE 11. RENIN-ANGIOTENSIN SYSTEM IN CONTROL 
AND DIABETIC MICE 

Control Diabetes P 

PRA (ng Al/hr/ml) 44.6 f 3.5 41.2 L 22.5 NS 

PRS (ng AI/ml) 378 _+ 28 607 f 145 NS 

KRA 
Total activity 205 f 12 176 * 16 <0.05 

Specific activity 3.28 f 0.24 1.95 f 0.58 <0.05 

(pg AI/W 

( p g  AI/hr/mg protein) 

Note. n = 12 for both controls and diabetes. 

the diabetic mice was 607 pg AI/ml, which 
was slightly, but not significantly, higher than 
that of the control mice. On the other hand, 
kidney renin activity (KRA) in the diabetics 
was significantly lower than that of the con- 
trols both in total activity and in specific 
activity. 

In order to quantitate the rate of renin 
degradation out of renal stored renin inter- 
ferences, a method using pure radiolabeled 
renin was adopted from another system (2 1). 
This method required an intravenous injec- 
tion of labeled renin into the animals. The 
percentage of labeled renin extracted from 
the blood circulation by the kidney or liver 
could then be determined. Furthermore, the 
renin degradation could be easily followed 
by the formation of TCA-soluble radioactivity 
in the lysosome that was incubated in in 
vitro conditions optimized for lysosomal pro- 
teolytic activity. Table I11 shows the effect of 
alloxan-induced diabetes on the renin extrac- 
tion in the kidney and the liver. The liver 
played a major role in labeled renin extrac- 
tion. In the nondiabetic control animals, 
after 15 min of in vivo uptake, 37.6% of the 
injected radioactivity was found in the liver, 
while only 9.4% was found in the kidneys. 
In the diabetic animal, the amount of labeled 
renin extracted by the liver was significantly 
suppressed. However, the percentage of la- 
beled renin extracted by the kidneys was 
relatively, but not significantly, higher in the 
diabetic mice. On the other hand, when the 
rates of renin degradation in the lysosomal 
fractions were examined (Figs. 1 and 2), both 
the liver and kidney samples from the diabetic 
animals were significantly increased, by 45.3% 
(P < 0.05) for the kidney and 46.6% (P 
-c 0.05) for the liver after 1-hr incubation. 
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TABLE 111. ACCUMULATION OF LABELED RENIN BY 
THE LIVERS AND THE KIDNEYS 

% Accumulated % Accumulated/g 

Kidney 
Control 9.4 rfr 1.2 15.7 f 1.8 
Diabetes 12.2 rfr 3.1 16.8 2 2.8 
P N.S. N.S. 

Liver 
Control 37.6 -t_ 2.7 17.8 2 2.5 
Diabetes 29.3 k 4.7 11.4 2 2.6 
P <0.05 <o.o 1 

Note. Labeled renin was intravenously administered 
into the anesthetized animals. After 15 min of in vivo 
uptake the organs were washed by perfusion. Values are 
expressed as percentages of total injected radioactivity. n 
= 8 for both controls and diabetes. 

Since changes in degradation properties of 
the tissue may be accompanied by the changes 
in the lysosomal enzyme activities, the activ- 
ities of different lysosomal enzymes were 
measured. The results are shown in Table 
IV. There was no significant effect of the 
diabetic state on the specific activities of most 
proteases tested, except for P-glucuronidase 
which was significantly decreased in the dia- 
betic kidney. As a whole, the total activities 
of these lysosomal enzymes were either nor- 
mal or slightly increased. Cathepsin D was 
demonstrated previously to be responsible 
for the degradation of proteins that had been 
taken up by endocytosis from the plasma 
(2 1). In this study, the specific activity of this 
enzyme was only slightly increased in animals 
with diabetes. However, the total activity of 
this enzyme was significantly increased. This 
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FIG. 1. In  vitro degradation of radiolabeled renin by 
the kidney lysosomal fraction after in vivo uptake for 15 
min. Each point represents the mean of triplicate. 
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In vitro degradation of radiolabeled renin by 
the liver lysosomal fraction after in vivo uptake for 15 
min. Each point represents the mean of triplicate. 

result may be due to the diabetic state itself 
or to the renal hypertrophy. 

Figure 3 shows the effect of isoproterenol 
on renin release in control and diabetic mice. 
The basal PRA levels were comparable be- 
tween the control and diabetic group. In 
control mice, PRA was increased by 20-fold 
after isoproterenol stimulation. However, in 
the diabetic mice, this stimulation was sig- 
nificantly attenuated. Only a four- to fivefold 
increase in PRA was observed. 

Intrarenal formation of angiotensin I1 is 
of crucial importance in regulating renal 
function. Angiotensin converting enzyme 
(ACE) activity was determined in the kidney 
and the plasma. In the diabetic animals, ACE 
activity was significantly decreased, while in 
the plasma, this activity was not significantly 
different from the control (Fig. 4). 

Discussion. Alloxan, similar to the other 
diabetogenic drug, streptozotocin, resulted in 
lowering the kidney renin content (2). How- 
ever, PRA remained normal while PRS was 
slightly elevated. Christlieb and Long (3) 
have demonstrated that decrease of KRA by 
alloxan was not due to glucosuria, osmotic 
diuresis, or the direct toxic effect of alloxan 
(2, 3). Phlorizin, which induces glucosuria 
and osmotic diuresis, failed to affect the renal 
renin content. Furthermore, a lowering of 
KRA was also observed even when the kidney 
was protected by renal artery clamping during 
alloxan treatment (2). This decrease in KRA 
may reflect a metabolic defect in renin syn- 
thesis which is secondary to the diabetic 
state. Theoretically, a defect in renin synthesis 
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TABLE IV. LYSOSOMAL ENZYMATIC ACTIVITIES IN KIDNEYS AND LIVERS 

Total activity Specific activity 

Control Diabetes Control Diabetes 

Kidney 
Cathepsin D 
Acid phosphatase 
NAG 
P-Glucuronidase 
Cathepsin B 

Cathepsin D 
Acid phosphatase 
NAG 
P-Glucuronidase 
Cathepsin B 

Liver 

~~ ~~ 

20.1 * 3.4 
2.85 * 0.39 
614 f 20 
56.7 f 10.5 
1489 f 166 

42.8 f 2.5 
14.1 k 0.9 
652 f 56 
491 f 11 

4444 f 342 

37.6 k 15.2* 
3.79 k 0.44* 
660 f 103 

40.5 k 18.0 
1577 f 197 

50.2 f 16.1 
16.0 k 3.1 
904 f 68** 
563 k 111 

4403 f 475 

~ 

0.31 f 0.02 
41.5 k 1.2 

9.7 k 0.4 
9.12 * 2.36 
23.6 k 0.8 

0.21 f 0.01 
72.4 f 5.5 

3.3 f 0.2 
2.37 k 0.14 
22.6 f 1.5 

0.48 k 0.29 
46.6 k 9.9 

9.2 k 2.4 
5.61 -C 1.73* 
20.3 k 7.2 

0.21 f 0.03 
68.2 k 10.8 
4.2 k 0.5 

2.36 +_ 0.57 
21.1 * 3.5 

Note. n = 12 for both controls and diabetes. 
* P < 0.05 vs control. 

** P < 0.01 vs control. 

or a suppression of renal renin synthesis 
should lead to a decrease in basal PRA. 
However, PRA in this and some other studies 
was normal despite a decrease in KRA. These 
discrepancies may suggest that other mecha- 
nisms besides the basal renin release were 
responsible for controlling PRA. 

Radiolabeled renin extraction data in this 
study (Table 111) showed that the total amount 
of renin uptake by the diabetic kidneys insig- 
nificantly surpassed that of the controls. Fur- 
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FIG. 3. Induction of PRA by isoproterenol in control 
and diabetic mice. Saline or isoproterenol (1 pg/g body 
wt) was injected through the jugular vein in control and 
diabetic mice. After 30 min, PRA was determined from 
the plasma obtained from the inferior vena cava. B, for 
basal PRA after saline injection. ISO, for isoproterenol- 
induced PRA. n = 12 for each group. A significance with 
P < 0.00 1 was obtained when comparing isoproterenol- 
induced PRA in diabetic and control mice. 

thermore, renin degradation rates were en- 
hanced by 45% (Fig. 1). The renin extraction 
by the liver of diabetic animals decreased in 
spite of a similar enhancement of renin deg- 
radation as compared to that of the controls. 
Increase in catabolic rates of proteins has 
been well established in diabetes. In this 
study, this increase in renin catabolism was 
associated with a slight increase in lysosomal 
enzymatic activities of cathepsin D and acid 
phosphatase. In diabetic animals, the decrease 
in renin extraction in the liver would suggest 
a decrease in receptor sites at the cellular 
membrane. Since the liver is the major organ 
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FIG. 4. Quantitation of ACE activity in plasma and 
kidney homogenates of control and diabetic mice (n 
= 12 for each group). 
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responsible for the plasma renin removal, the 
significant decrease in plasma renin extraction 
may in part explain the normal levels of 
PRA in spite of a significant decrease in 
kidney renin content. 

In a previous report, we have shown that 
the kidney is endowed with a specific ma- 
chinery for renin degradation (14). We spec- 
ulated that some renin molecules after secre- 
tion from the afferent arterioles would some- 
how be extracted by the glomerulus or by 
the proximal tubules after being filtered 
through the glomerulus and then would be 
degraded. The slight increase in renin extrac- 
tion by the diabetic kidneys could simply be 
explained either by the increase in glomerular 
uptake due to renal hypertrophy, or by an 
increase in glomerular filtration which would 
result in an elevation of proximal tubular 
uptake and degradation. 

Figure 3 shows that the isoproterenol-in- 
duced renin release was significantly atten- 
uated. This result could be interpreted in a 
number of ways. A defect in the catechol- 
amine responsiveness, such as a decrease in 
the number of P-adrenergic receptors, as 
found in the diabetic hearts (26),  or a defect 
in the renin synthesis in the diabetic state 
leading to a depletion of the readily releasable 
renin pool may contribute to this result. 
Therefore, under the stimulation of the ad- 
renergic agonist, the maximum amount of 
renin available for release would be signifi- 
cantly decreased as compared to controls. In 
other studies with diabetic patients with or- 
thostatic hypotension, PRA does not respond 
normally to the stimulus of upright posture 
(27). In diabetic patients with stable nona- 
zotemic conditions, the furosemide-induced 
renin release was significantly lower as com- 
pared to that of controls (28). However, no 
significant difference was observed between 
the two groups in the responsiveness of PRA 
to isoproterenol infusion (28). Whether the 
blunted renin responses to standing and fu- 
rosemide is due to severe nephropathy is 
unknown. 

Quantitation of ACE activity in the plasma 
and in the kidney homogenates showed that 
ACE activity was significantly decreased in 
the diabetic kidneys (Fig. 4). In the plasma 
samples of the diabetic animals, this activity 

that angiotensin I1 plays a significant role in 
regulating renal hemodynamics, such as glo- 
merular filtration rate, tubuloglomerular 
feedback, and vascular resistance (29). The 
formation of angiotensin I1 depends on the 
rate-limiting conversion of renin substrate 
into angiotensin I, which is further converted 
into angiotensin I1 by the ACE. Using the 
immunohistochemical technique, ACE was 
found to be located mainly at the brush 
border of the proximal convoluted tubules 
(30). Receptor sites for angiotensin I1 have 
been identified at the glomerular mesangial 
cells and also at the brush border membrane 
(3 1, 32). The actual sites of intrarenal angio- 
tensin I1 formation as well as the sites of its 
action remain speculative. The decrease in 
ACE activity in the kidneys of the diabetic 
animals in this study suggests that there is a 
defect in the angiotensin I1 formation within 
the kidney. This together with the other 
defects in the renin-angiotensin system, such 
as decrease in renin storage, elevation of 
renin degradation, and attenuation of the 
isoproterenol-induced PRA suggest that there 
are multiple derangements in the renin-an- 
giotensin system in diabetes. 
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