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This study examined whether the prevention of dia-
betes-related albuminuria by aminoguanidine (AG) or
ramipril (RAM) may be mediated by a common post-
glomerular basement membrane renal intracellular
mechanism involving protein kinase C (PKC). The
renal handling of albumin was examined over 24 weeks
in control and streptozotocin (STZ)-induced diabetic
rats. A radioimmunoassay (RIA) that measures intact
albumin, and intravenously injected tritium-labeled rat
serum albumin, was used to assess the proportion of
intact albumin and albumin fragments in urine. Dia-
betes was induced in male Sprague-Dawley rats by the
intravenous administration of STZ at a dose of
50 mg/kg. Age-matched control rats received buffer
alone. Diabetes was characterized by an increase in
blood glucose (>15 mmol/l), an increase in GHb (means
at 24 weeks 29.3 = 1.1%; control 6.1 +£ 0.1%, P < 0.005),
an increase in glomerular filtration rate (GFR) (4.13 +
0.15 ml/min; control 3.54 + 0.19 ml/min, P < 0.005), an
increase in intact albumin excretion rate (expressed as
geometric mean 11.64 x/+ 2.11 mg/24 h; control 0.74
X/+ 1.57 mg/24 h, P < 0.005) as measured by RIA, and
an increase in glomerular PKC activity (26.83 +
2.38 pmol - mg™ - mint; control 14.6 + 2.99 pmol - mg™* -
min~t, P <0.005). Treatment of diabetic rats with either
AG or RAM prevented the rise in intact albuminuria and
glomerular PKC activity. Renal lysosomal cathepsin
activity decreased in diabetic rats and this was not pre-
vented by AG or RAM. Neither drug affected glycemic
control or GFR, but RAM reduced systolic blood pres-
sure (BP), whereas AG did not. These data indicate
that urinary excretion of intact albumin and albumin-
derived fragments in diabetes may be modulated inde-
pendently of glycemic control (AG and RAM) and sys-
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tolic BP (RAM). While both drugs are known for their
different mechanisms of action, the fact that both pre-
vent diabetes-related increases in glomerular PKC
activity and albuminuria supports the hypothesis that
PKC plays a central role in the development of diabetic
nephropathy. Diabetes 49:87-93, 2000

n increase in albumin excretion rate (AER),

which leads to microalbuminuria, is widely

acknowledged as the earliest index of diabetic

nephropathy (1). Therefore, understanding the
mechanism of microalbuminuria and the action of drugs that
ameliorate albuminuria is essential to advances in treatment.
The exact mechanisms underlying albuminuria, however, are
still to be determined as we have recently demonstrated,
that under physiological conditions, albumin undergoes frag-
mentation to small peptides during renal passage. The albu-
min-derived fragments are not detectable by immunochem-
ical assays which only detect intact albumin (2,3). For this
reason, it is necessary to reevaluate the mechanism of renal
albumin handling in untreated diabetes and during interven-
tion with renoprotective agents.

Recent studies have demonstrated that albumin does not
undergo significant charge restriction by the glomerular capil-
lary wall (GCW) or the glomerular basement membrane (4-8).
In accord with these findings, estimates of glomerular sieving
of albumin during inhibition of renal tubular uptake of protein
demonstrate that albumin flux across the GCW is high (5).
Studies have shown that postfiltration processing of albumin
may involve two distinct intracellular pathways in the rat kid-
ney. The major pathway is a high capacity pathway that
processes ~1,800 pg/min per kidney of albumin and returns it
to the blood intact (9); this pathway is specific for filtered albu-
min and has been termed the retrieval pathway, but its exact
anatomical location has not been determined. It is likely to
involve transcellular transport across glomerular or tubular
epithelial cells. The small amount of albumin that escapes the
retrieval pathway and remains in the filtrate is degraded during
renal passage, most likely by endocytosis and lysosomal degra-
dation (2,3,5,10). The albumin fragments are subsequently
excreted in the urine, and this pathway has been termed the
degradation pathway. In control rats, ~90% of the albumin
excreted is in a heavily degraded form (<10 kDa). Degradation
products are found in the urine but not in the blood.
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The mechanisms whereby microalbuminuria occurs in dia-
betes remain to be elucidated. The formation of advanced gly-
cation end products (AGEs) (11), activation of the local tis-
sue renin-angiotensin system (12), and the direct patho-
genetic effects of glucose have been implicated. Interestingly,
these processes may be integrated by a final common path-
way that involves activation of protein kinase C (PKC)
(13,14) and its possible influence on microtubule formation
and intracellular trafficking (15), particularly in relation to
intracellular albumin processing as described above. Sev-
eral studies have shown that hyperglycemia increases de
novo synthesis of diacylglycerol (DAG), resulting in the sus-
tained activation of PKC in vascular tissues in diabetic ani-
mals, including glomeruli (16-20) and cultured cells exposed
to high concentrations of glucose (18,21,22). Koya and King
(23) have reported preferential activation of PKC-«, -1, and
-8 isoforms in glomeruli isolated from diabetic rats. The same
authors have also recently reported that the abnormal renal
and retinal hemodynamics and the increase in albuminuria in
diabetic rats are attenuated by oral administration of the
PKC-B isoform selective inhibitor (LY333531) for 2-8 weeks.
This effect parallels the inhibition of diabetes-induced PKC
activation in retina and renal glomeruli (16,17). In addition,
experimental diabetes has been shown to be associated with
the activation in the heart of the PKC-¢ isoform, which is pre-
vented by the angiotensin Il receptor blockade (24).

This study was designed to determine whether two inter-
ventions, which have been previously shown to prevent
increases in albuminuria, also prevent diabetes-related
changes in renal albumin handling. The two interventions
were aminoguanidine (AG), an inhibitor of advanced glyca-
tion, which does not affect systemic blood pressure (BP), and
ramipril (RAM), an ACE inhibitor, which lowers systemic BP.
Neither AG nor RAM influenced glycemic control. The
experiments were performed to test the hypothesis that
both interventions prevent albuminuria through a common
pathway that involves the normalization of PKC activity,
despite having ostensibly different mechanisms of action.

In the present study, the renal processing of albumin was
examined over 24 weeks in control and streptozotocin (STZ)-
induced diabetic rats by using radioimmunoassay (RIA) to
measure intact albumin (25) and an intravenous injection of
tritium-labeled rat serum albumin ([*H]-RSA) to assess the
proportion of intact and fragmented albumin in urine, as
determined by size exclusion chromatography. We also
investigated the possibility that renal lysosomal enzyme
activity, as measured by cathepsin B and L activity, is related
to the fragmentation of albumin. Total PKC activity was
quantified by an in situ assay in glomeruli isolated from con-
trol and STZ-diabetic rats treated with either AG or RAM for
8 or 24 weeks after the induction of diabetes.

RESEARCH DESIGN AND METHODS

Fasting male Sprague-Dawley rats (Animal Resource Centre, Perth, Australia) aged
between 6 and 7 weeks and weighing between 200 and 250 g were randomized to
receive an intravenous injection of STZ (Sigma, St. Louis, MO) at a dose of
50-55 mg/kg or sodium citrate buffer (pH 7.4) alone (control). The animals were
then randomized to receive one of the following three drug regimens: 1) no treat-
ment, 2) AG (Fluka Chemica, Buchs, Switzerland) at a dose of 1 g/l for diabetic
rats and 3 g/l for control rats in drinking water, or 3) RAM (Hoechst, Frankfurt,
Germany) at a dose of 3 mg/l for diabetic rats and 9 mg/l for control rats in drink-
ing water for 24 or 32 weeks. These doses were adjusted for water intake and were
chosen because they ameliorate albuminuria (25-27). Only diabetic animals with
a blood glucose >15 mmol/l were included in the study. Diabetic animals were
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given 2 U of long-acting insulin (Ultralente, Novo Nordisk, Bagsvaerd, Denmark)
daily to maintain body weight and to prevent ketoacidosis without normalizing
hyperglycemia. All animals had free access to rat food and water.

The following parameters were measured at 2, 4, 8, 16, and 24 weeks during
the study: body weight, blood glucose by glucometer (Accutrend, Boehringer
Mannheim GmbH Biochemica, Mannheim, Germany), systolic BP by tail-cuff
plethysmography in conscious warmed rats (28), GHb by high-performance lig-
uid chromatography (CLC330 GHb Analyzer; Primus, Kansas City, MO) (29), and
glomerular filtration rate (GFR) by a single-injection isotopic technique
(®™Tc-DTPA) developed in our laboratory (30). In addition, urine was collected
from animals placed in individual metabolic cages for 24 h for measurement of
intact AER by an in-house RIA as described previously (31). The interassay
coefficient of variation was 7% at a concentration of 180 ng/ml (n = 10), and the
detection limit was 31.2 ng/ml.

Rat serum albumin (Sigma) was labeled with tritium as previously described
by the reductive methylation procedure of Tack et al. (32). The tritium-labeling
reaction involves a brief exposure to formaldehyde and sodium boro-[*H]
hydride (Du Pont, Detroit, MI). The labeled preparation was purified before use
by size exclusion chromatography as described previously (10). In vivo experi-
ments were performed by injecting 5 X 107 dpm/ml [*H]-RSA into the tail vein of
Sprague-Dawley rats that were maintained in a metabolic cage for 3 hwith free
access to food and water. Urine samples obtained after 3 h were analyzed by size
exclusion gel chromatography on Sephadex G-100 (Pharmacia, Uppsala, Sweden)
to determine the ratio of intact albumin [K,, ~0.024-0.431, where K, is defined
as (Vo = Vo )/I(V,-V,), where V, is the elution volume, V, is the void volume, and
V. is the total volume of the column] to fragmented albumin (K, ~0.721-1.186)
in the urine. Samples of 1 ml were loaded onto each column, and 95 fractions of
1.7 ml were eluted with phosphate-buffered saline that contained bovine serum
albumin (BSA) (136.9 mmol/l NaCl, 2.68 mol/l KCI, 8.1 mmol/l Na,HPO,,
1.5 mmol/I KH,PO,, 0.2% BSA, and 0.02% sodium azide, pH 7.4) at 20 ml/h at 4°C.
For routine analysis, urine containing ~15,000-75,000 dpm was applied to the col-
umn. V,was determined with blue dextran T2000 (Pharmacia), and V, was deter-
mined with tritiated water.

Rats were killed at 8 or 24 weeks by decapitation, and their kidneys were
removed, decapsulated, and immediately frozen in liquid nitrogen and stored at
-80°C. Glomeruli were isolated from half of a frozen kidney by a differential siev-
ing method that uses various sizes of nylon mesh (80-200 um) (33). Total PKC
activity was measured by a modified method originally developed by Heasley and
Johnson (34) in digitonin-permeabilized glomeruli by using an in situ PKC assay
with the phosphorylation of a PKC-specific peptide that was derived from the epi-
dermal growth factor receptor (673-683 IVRKRTLRRLL-NH,). This assay exhib-
ited linearity with time up to 12 min at 30°C. A control sample of liver was
included in each assay to assess reproducibility between assays. The interassay
coefficient of variation was 9.1% at a concentration of 13.3 pmol - mg™ - min™ (n =
24). To estimate protein content, glomeruli in each reaction tube were solubilized
with 0.1% SDS and 0.1 N NaOH with heating at 60°C for 30 min. Protein content
was estimated with the bicinchoninic acid protein assay (Pierce, Rockford, IL).
PKC activity was expressed as picomoles of y-3?P incorporated into the PKC-spe-
cific peptide substrate per minute per milligram of protein. Nonspecific binding
of vy-*2P to the filter paper was determined by performing the assay in the
absence of the substrate.

Lysosomes were isolated from one kidney according to the method of Hariku-
mar and Reeves (35). The combined activities of cathepsin B and L were deter-
mined by measuring the fluorescence generated by cleavage of the substrate
Z-Phe-Arg-NHMec, which releases the highly fluorescent product NHMec (36).
Cathepsin B activity was determined by the fluorescence generated after cleav-
age of Z-Arg-Arg-NHMec. The protein content of the crude lysosomal preparation
was determined by the Bradford assay (37), and cathepsin activity was expressed
as units per milligram of protein. For both control and diabetic lysosomal prepa-
rations, cathepsin B and L activities were characterized by >98% inhibition with
E-64 [L-trans-epoxysuccinyl-L-leucylamido-(4-guanidino)-butane], a specific inhi-
bitor of cysteine proteases.

Data are expressed as mean + SE where n represents the number of determi-
nations. Albuminuria data were logarithmically transformed to normalize the data
and are shown as geometric mean X/~ tolerance factor. Normally distributed vari-
ables in different groups were compared by analysis of variance with or without
repeated measures by using the Statview program (Brain Power, Calabasas, CA).
Comparisons among group means were performed by using Fisher’s least signifi-
cant difference method. A P value of <0.05 was considered statistically significant.

RESULTS

Biochemical and hemodynamic parameters. Table 1
shows metabolic and hemodynamic parameters at week 24
of the study. Similar trends were observed throughout the
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TABLE 1

Metabolic and hemodynamic parameters at week 24 for control and diabetic rats treated with AG or RAM

Urine volume

n  Glucose (mmol/l) GHb (%) Body weight (g) Kidney weight (g) GFR (ml/min) (ml/24 h)
C 5 6.1+0.1 33+0.1 514 +18 1.46 + 0.06 3.54+£0.19 12+1
C+AG 5 77+04 32+0.1 550 + 32 1.43 +0.07 3.93+0.33 19+2
C + RAM 6 83+0.4 34+01 588 + 30 1.59 £0.02 4.86 +0.19 14+1
D 9 293+ 1.1* 10.6 + 0.4* 403 + 21* 2.49 + 0.467 4.13 £0.15* 96 + 9*
D+ AG 7 20.6 + 1.6* 8.5+ 0.5* 385 + 20* 1.67 £ 0.07 552 +0.19* 78 + 13*
D + RAM 8 248 £1.1* 10.7 £ 0.5* 374 £ 24* 1.84 +0.09 4.99 + 0.34* 111 £ 13*

Data are means + SE. C, control rats; D, diabetic rats. *P < 0.005 vs. appropriate control; TP < 0.01 vs. control.

duration of the study (data not shown). Diabetic rats exhib-
ited relatively constant yet significantly elevated glucose and
GHb levels throughout the 24-week study when compared
with control rats (Table 1). Neither AG nor RAM therapy
influenced glycemic control in diabetic rats at any time. Con-
trol rats treated with AG or RAM had glucose and GHb lev-
els similar to those of untreated control rats.

The systemic BP was significantly reduced at 4 weeks in
both control and diabetic rats that received RAM therapy
and remained at that level throughout the study (Fig. 1). The
systemic BP was not affected by AG treatment during the
entire study period.

At the end of 24 weeks, body and kidney weights were
determined (Table 1). Diabetic rats had significantly lower
body weights than control rats throughout the study. Treat-
ment of diabetic rats with AG or RAM did not influence body
weight during the 24 weeks of treatment. The body weights
of control rats treated with AG or RAM did not differ from the
body weights of untreated control rats throughout the study.
At the conclusion of the 8- or 24-week study, kidney weight
in diabetic rats increased compared with that of control rats.
Treatment of diabetic rats with AG or RAM significantly
reduced kidney weight, whereas similar treatment for control
rats did not affect kidney weight.

Diabetes was associated with a significantly elevated GFR
when compared with control rats (Table 1). AG or RAM ther-
apy did not influence GFR. Control rats treated with AG or
RAM had similar GFR levels to those of untreated control rats.

Urine volumes over a 24-h period were significantly ele-
vated in diabetic rats when compared with those of control
rats throughout the study. Treatment of diabetic rats with AG
or RAM, as compared with untreated diabetic rats, did not
influence urine volume. Control rats treated with AG or RAM
had urine volumes similar to those of untreated control rats.
Albuminuria. Diabetes was associated with significantly
increased intact AER (11.64 X/= 2.11 mg/24 h at 24 weeks),
as measured by RIA over the 24-week study period at 2, 4, 8,
16, and 24 weeks, when compared with control rats (0.74 X/+
1.57 mg/24 h at 24 weeks) (Fig. 2). As previous studies that
have used the STZ-diabetic rat model have also observed
(27), the absolute magnitude of variation of intact albuminuria
in diabetic rats increased over the 24-week period. There was
no significant increase in intact albuminuria for diabetic rats
treated with RAM (0.88 X/~ 1.58 mg/24 h at 24 weeks), whose
GFR and GHb but not systolic BP remained similar to that of
untreated diabetic rats (Fig. 2). Furthermore, there was no
significant increase in intact AER in diabetic rats treated with
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AG (1.07 X/+ 1.47 mg/24 h at 24 weeks), whose GFR, systolic
BP, and GHb measurements remained similar to those of
untreated diabetic rats. Likewise, no effect on intact AER was
observed in control rats treated with either AG (0.62 X/=+
1.79 mg/24 h at 24 weeks) or RAM (1.03 X/+ 1.79 mg/24 h at
24 weeks) (Fig. 2).

The percentage of intact albumin excreted in urine of rats
intravenously injected with [?H]-RSA was determined by mea-
suring the area under the bell-shaped curve of the chromato-
graphic profiles. A representative elution profile of [°H]-RSA
in urine collected 3 h after the intravenous administration of
[*H]-RSA from a control rat at 16 weeks is shown in Fig. 3A.
This profile reveals that most of the [*H]-RSA in the urine of
a control rat is degraded to small fragments (intact albumin
represents ~12% of total albumin products excreted). This
low molecular weight material was neither free tritium, which
would elute at the V, of the column, nor free-labeled amino
acid, which also elutes at the V, (5). With increasing duration
of diabetes, there was progressively more inhibition of the frag-
mentation of albumin (Fig. 3B) so that intact albumin repre-
sented 18.3 + 2.5% (n = 10) of total urinary albumin products
at 8 weeks, 45.5 + 7.9% (n = 10) at 16 weeks, and 48.2 + 10.8%
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FIG. 1. Systolic BP over the 24-week study period for control rats (O),
control rats treated with AG (), control rats treated with RAM (4),
diabetic rats (@), diabetic rats treated with AG (W), and diabetic
rats treated with RAM (A). *P < 0.05 vs. control.
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FIG. 2. Intact albuminuria as measured by RIA over the 24-week study
period for control rats (O), control rats treated with AG (OJ), control
rats treated with RAM (A), diabetic rats (@), diabetic rats treated
with AG (ll), and diabetic rats treated with RAM (A). Data shown as
geometric mean X/+ tolerance factors. *P < 0.005 vs. control.

(n =9) at 24 weeks (Fig. 3). Treatment of diabetic rats with
either AG or RAM significantly reduced the percentage rise in
intact albumin excretion during the entire study period
(Fig. 4). The proportion of intact albumin excreted by diabetic
rats treated with either drug did not differ from that of control
rats (Fig. 4). Furthermore, no effect on intact albuminuria
was seen in control rats treated with either drug (Fig. 4).
PKC activity in glomeruli. Total PKC activity was signifi-
cantly increased to a similar level in glomeruli from diabetic
rats at both 8 and 24 weeks compared with control rats, as
shown in Fig. 5A and B, respectively. PKC activity was nor-
malized in glomeruli from diabetic rats treated with RAM at
both 8 and 24 weeks. However, PKC activity remained
increased in glomeruli from diabetic rats treated with AG
for 8 weeks but was normalized after 24 weeks of AG treat-
ment (Fig. 5). Glomeruli isolated from control rats treated
with AG or RAM exhibited levels of PKC activity similar to
those observed in untreated control rats.

Renal cathepsin activity in crude lysosomal extracts.
The activities of cathepsin B and cathepsin B and L in the
crude renal lysosomal extracts isolated from kidneys at
24 weeks are shown in Table 2. There was a significant
decrease in lysosomal activity in kidneys from diabetic rats
compared with that of control rats. Lysosome activity in con-
trol rats treated with RAM was similar to untreated controls,
but control rats treated with AG showed a decrease in activ-
ity that was not different from AG-treated diabetic rats. The
major feature of the data, apart from diabetes-induced inhi-
bition of lysosomal activity, is that treatment with RAM did
not affect lysosomal activity in diabetic rats.

DISCUSSION

Drug effects and PKC activity. Along with previous stud-
ies, we have observed in this study that both AG and RAM pre-
vent the rise in albuminuria, which is characteristic of the STZ-
diabetic rat model. The two drugs, which are known for their
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FIG. 3. Representative profiles of the size exclusion chromatography
on Sephadex G-100 of [*H]-RSA in urine samples collected from con-
trol rats (A) and diabetic rats (B). Rats were intravenously injected
with [®*H]-RSA 16 weeks after the induction of diabetes. Fraction vol-
ume was ~1.7 ml. V, the void volume as determined with blue dextran
T2000; V,, the total volume as determined with tritiated water; - - -, the
position of the [*H]-RSA before injection (A).

different mechanisms of action, have similar effects in pre-
venting albuminuria.

AG is an inhibitor of advanced glycation and glycoxidation
of proteins and has previously been shown to retard the
development of albuminuria and mesangial expansion in the
STZ-diabetic model (25,26). The major renal effects of ACE
inhibitors, such as RAM, including the effects on the long-term
development of albuminuria and glomerular ultrastructural
injury, are mediated by their capacity to inhibit angiotensin
Il and to lower systemic BP (27). These drugs appear to be
affecting pathways in the development of albuminuria which
are independent of glycemic control and GFR because neither
normalizes glucose, GHb levels, and GFR (Table 1). AG was
also shown not to affect systolic BP, while RAM was shown
to significantly lower systolic BP (Fig. 1). Moreover, urine vol-
umes in diabetic rats treated with either drug, as compared
with control rats, did not decrease.

It is important to note that previous interpretations of
PKC activity in experimental diabetic retinopathy and
nephropathy have emphasized a role for PKC in modula-
tion of blood flow (16,23). Decreases in diabetes-related reti-
nal blood flow and increases in GFR have been associated
with increased PKC activity and prevented by PKC inhibition

DIABETES, VOL. 49, JANUARY 2000



60 — *
| =]
E 50
=
2
<l
Q
8
£
g 30
]
=
1) *
e 20+
[
[« / -
10 -W
1 1 | 1 |
8 12 16 20 24
Time (Weeks)

FIG. 4. Percentage of intact albumin at weeks 8, 16, and 24 as deter-
mined by size exclusion chromatography in urine samples from rats
intravenously injected with a bolus of [®*H]-RSA for control rats (O),
control rats treated with AG (OJ), control rats treated with RAM (4),
diabetic rats (@), diabetic rats treated with AG (H), and diabetic
rats treated with RAM (A). *P < 0.005 vs. control.

(16,17). The present data suggest that the role of PKC may
not be confined to regulation of blood flow. In this study, we
were able to measure total glomerular PKC activity without
partial purification of PKC from the tissue by an in situ assay
using the phosphorylation of a highly PKC-specific peptide
derived from the epidermal growth factor receptor. Isolation
of PKC into membranous and cytosolic fractions may not
reflect activities in vivo because of losses of protein or PKC
activity during the isolation procedure (34). Our findings
that total PKC activity is significantly elevated in glomeruli
that have been isolated from diabetic rats at both 8 and 24
weeks are similar to those of other investigators who
observed rats with short-term STZ-diabetes (16,20,21). The
prevention of the rise in AER by RAM in diabetic rats was
accompanied by the normalization of diabetes-induced
increases of PKC activity in glomeruli. The rise in AER was
also prevented in diabetic rats treated with AG, but the inhi-
bition of the diabetes-induced increase in PKC activity was
only observed for AG at 24 and not at 8 weeks.

Similarities in the way AG and RAM inhibit the development
of albuminuria and PKC activity suggest that they act on a
shared intrarenal pathway when compared with their differ-
ent modes of action at a systemic level. AGE receptor inter-
actions have been shown to include PKC activation in cul-
tured cells (38). Angiotensin Il binding to AT, receptors in
proximal tubular cells has been shown to lead to G-protein-
coupled activation of phospholipase C and D, which in turn
increases DAG production and PKC activity (39). The shared
intrarenal pathway is likely to involve PKC through its direct
actions on the intracellular processing of albumin. The effect
of PKC on vesicular trafficking has been demonstrated to be
a regulatory mechanism that controls endo- and exocytosis
of albumin in proximal tubular cells (15). It is possible that
PKC may contribute to the regulation of proteins involved in
microtubular-based intracellular transport or in the cyto-
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FIG. 5. A: PKC activities at week 8 in renal glomeruli isolated from con-
trol rats (n = 8), control rats treated with AG (n = 8), control rats
treated with RAM (n = 8), diabetic rats (n = 8), diabetic rats treated
with AG (n =11), and diabetic rats treated with RAM (n = 10). B: PKC
activities at week 24 in renal glomeruli isolated from control rats
(n =4), control rats treated with AG (n =5), control rats treated with
RAM (n = 6), diabetic rats (n = 8), diabetic rats treated with AG (n =
7), and diabetic rats treated with RAM (n = 8). *P < 0.005 vs. control.

skeleton itself, thereby affecting the associated transcellular
passage of transport vesicles. Although the requirements for
microtubular structures in transcytosis may not be homoge-
neous (40), PKC regulation may be a direct mechanism by

TABLE 2
Cathepsin activity in crude lysosomal extracts at week 24 from
control and STZ-diabetic rats treated with AG or RAM

Cathepsin activity (10°)

Cathepsin B Cathepsin B + L
n (U/mg protein) (U/mg protein)
C 3 4.14+0.24 222+ 14
C+AG 5 1.81 +0.20f 126 + 247
C + RAM 5 3.85+0.77 217 +38
D 6 1.46 £ 0.15* 81 +5.7*
D + AG 6 2.02+0.26 123 +17
D + RAM 5 2.28 £ 0.38* 116 £17*

Data are means + SE. C, control rats; D, diabetic rats. *P < 0.005
vs. appropriate control; TP < 0.005 vs. control.
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which angiotensin Il and AGEs modulate the trafficking of
albumin in epithelial cells of the nephron.

Renal lysosome activity. While lysosomal activity was
decreased in diabetes, which is in agreement with other stud-
ies (41,42), it was not normalized by RAM. This finding is the
most striking feature of the observations on lysosomal activ-
ity, for it means that a decrease in renal lysosomal activity is
not required for the prevention of albuminuria. The major
guantitative influence of changes in lysosomal activity in dia-
betes appears to be early in the onset of albuminuria.
Changes in albumin fragment excretion rate may be inde-
pendent of lysosomal activity but may also reflect changes in
the kinetics of the intracellular trafficking of substrate deliv-
ery to the lysosome, which is a process that may be con-
trolled by PKC (43,44).

Concluding remarks. As in previous studies, we have
observed that both AG and RAM prevent the rise in albu-
minuria that occurs in STZ-diabetic rats. The two drugs,
which are known for their different mechanisms of action,
have similar although not identical effects in preventing dia-
betes-induced activation of PKC. We therefore suggest that
glomerular PKC plays a central role in diabetes-related
increases in albuminuria and that both drugs exert their influ-
ence on glomerular PKC activity and its role in the intracel-
lular processing of filtered albumin.

ACKNOWLEDGMENTS

This study was supported by a grant from the Juvenile Dia-
betes Foundation International.

The authors wish to thank Brenda Baldacchino for her
excellent technical assistance, Steven Sastra for helping with
the radioimmunoassays, Belinda Michell for help in devel-
oping the PKC assay, and lan Goodall for the GHb analysis.

REFERENCES

1. Mogensen CE, Christensen CK, Vittinghus E: The stages in diabetic renal dis-
ease: with emphasis on the stage of incipient diabetic nephropathy. Diabetes
32:64-78, 1983

2. Osicka TM, Panagiotopoulos S, Jerums G, Comper WD: Fractional clearance
of albumin is influenced by albumin degradation. Clin Sci 93:557-564, 1997

3. Burne MJ, Panagiotopoulos S, Jerums G, Comper WD: Alterations in renal

degradation of albumin in early experimental diabetes in the rat: a new fac-

tor in the mechanism of albuminuria. Clin Sci 95:67-72, 1998

Zamparo O, Comper WD: Model anionic polysaccharide matrices exhibit

lower charge selectivity than is normally associated with kidney ultrafiltration.

Biophys Chem 38:167-178, 1990

Osicka TM, Pratt LM, Comper WD: Glomerular capillary wall permeability to

albumin and horseradish peroxidase. Nephrology 2:199-212, 1996

Vyas SV, Burne MJ, Pratt LM, Comper WD: Glomerular processing of dextran

sulfate during transcapillary transport. Arch Biochem Biophys 332:205-212,

1996

Burne MJ, Adal Y, Cohen N, Panagiotopoulos S, Jerums G, Comper WD:

Anomalous decrease in dextran sulfate fractional clearance in the diabetic rat

kidney. Am J Physiol 43:F700-F708, 1998

Osicka TM, Comper WD: Tubular inhibition destroys charge selectivity for

anionic and neutral horseradish peroxidase. Biochim Biophys Acta 1381:170—

178, 1998

Eppel GA, Osicka TM, Pratt LM, Jablonski P, Howden B, Glasgow EF, Com-

per WD: The return of glomerular filtered albumin to the rat renal vein. Kid -

ney Int 55:1861-1870, 1999

10. Osicka TM, Comper WD: Protein degradation during renal passage in normal

kidneys is inhibited in experimental albuminuria. Clin Sci 93:65-72, 1997
11. Bucala R, Vlassara H: Advanced glycosylation end products in diabetic renal
and vascular disease. Am J Kidney Dis 26:875-888, 1995

12. Cooper ME, Rumble J, Komers R, Du HC, Jandeleit K, Chou ST: Diabetes-asso-
ciated mesenteric vascular hypertrophy is attenuated by angiotensin-con-
verting enzyme inhibition. Diabetes 43:1221-1228, 1994

13. Williams B: Glucose-induced vascular smooth muscle dysfunction: the role of

>

a1

o

~

©

©

92

protein kinase C. J Hypertens 13:477-486, 1995

14. King GL, Ishii H, Koya D: Diabetic vascular dysfunctions: a model of exces-
sive activation of protein kinase C. Kidney Int 52 (Suppl. 60):S77-S85, 1997

15. Gekle M, Mildenberger S, Freudinger R, Schwerdt G, Silbernagl S: Albumin
endocytosis in OK cells: dependence on actin and microtubules and regula-
tion by protein kinases. Am J Physiol 272:F668-F677, 1997

16. Ishii H, Jirousek MR, Koya D, Takagi C, Xia P, Clemont A, Bursell S-E, Kern
TS, Ballas LM, Heath WF, Stramm LE, Feener EP, King GL: Amelioration of vas-
cular dysfunctions in diabetic rats by an oral PKC g inhibitor. Science 272:728-
731, 1996

17. Inoguchi T, Battan R, Handler E, Sportsman JR, Heath W, King GL: Preferen-
tial elevation of protein kinase C isoform g1l and diacylglycerol levels in the
aorta and heart of diabetic rats: differential reversibility to glycemic control
by islet cell transplantation. Proc Natl Acad Sci U S A 89:11059-11063, 1992

18. Shiba T, Inoguchi T, Sportsman JR, Heath WF, Bursell S, King GL: Correlation
of diacylglycerol level and protein kinase C activity in rat retina to retinal cir-
culation. Am J Physiol 265:E783-E793, 1993

19. Kunisaki M, Bursell SE, Clermont AC, Ishii H, Ballas LM, Jirousek MR, Umeda
F, Nawata H, King GL: Vitamin E prevents diabetes-induced abnormal retinal
blood flow via the diacylglycerol-protein kinase C pathway. Am J Physiol
269:E239-E264, 1995

20. Koya D, Lee I-K, Ishii H, Kanoh H, King GL: Prevention of glomeruli dysfunc-
tion in diabetic rats by treatment with d-a-tocopherol. 3 Am Soc Nephrol
8:426-435, 1997

21. DeRubertis FR, Craven PA: Activation of protein kinase C in glomerular cells
in diabetes: mechanisms and potential link to the pathogenesis of diabetic
glomerulopathy. Diabetes 43:1-8, 1994

22. Ayo SH, Radnik R, Garoni JA, Troyer DA, Kreisberg JI: High glucose increases
diacylglycerol mass and activates protein kinase C in mesangial cell cultures.
Am J Physiol 261:F571-F577, 1991

23. Koya D, King GL: Protein kinase C activation and the development of diabetic
complications. Diabetes 47:859-866, 1998

24. Malhotra A, Reich D, Reich D, Nakouzi A, Sanghi V, Geenen DL, Buttrick PM:
Experimental diabetes is associated with functional activation of protein
kinase C epsilon and phosphorylation of troponin | in the heart, which are pre-
vented by angiotensin Il receptor blockade. Circ Res 81:1027-1033, 1997

25. Soulis-Liparota T, Cooper M, Papazoglou D, Clarke B, Jerums G: Retardation
by aminoguanidine of development of albuminuria, mesangial expansion,
and tissue fluorescence in streptozotocin-induced diabetic rat. Diabetes 40:
1328-1334, 1991

26. Soulis T, Cooper ME, Vranes D, Bucala V, Jerums G: Effects of aminoguani-
dine in preventing experimental diabetic nephropathy are related to the dura-
tion of treatment. Kidney Int 50:627-634, 1996

27. Allen TJ, Cao Z, Youssef S, Hulthen LU, Cooper ME: Role of angiotensin Il and
bradykinin in experimental diabetic nephropathy: functional and structural
studies. Diabetes 46:1612-1618, 1997

28. Bunag RD: Validation in awake rats of a tail-cuff method for measuring sys-
tolic blood pressure. J Appl Physiol 34:279-282, 1973

29. Cefalu WT, Wang ZQ, Bell-Fallow A, Kiger FD, Izlar C: Glycohemoglobin mea-
sured by automated affinity HPLC correlates with both short-term and long-
term antecedent glycemia. Clin Chem 40:1317-1321, 1994

30. O'Brien RC, Allen TJ, Cooper ME, Bach LA, Jerums G: Glomerular filtration
rate in early experimental diabetes. J Diabetes Complications 2:8-11, 1988

31. Soulis-Liparota T, Cooper ME, Dunlop M, Jerums G: The relative roles of
advanced glycation, oxidation and aldose reductase inhibition in the devel-
opment of experimental diabetic nephropathy in the Sprague-Dawley rat.
Diabetologia 38:387-394, 1995

32. Tack BF, Dean J, Eilat D, Lorenz PE, Schecter AN: Tritium labelling of proteins
to high specific radioactivity by reductive methylation. J Biol Chem 255:8842—
8847, 1980

33. Spiro RG: Studies on the renal glomerular basement membrane: preparation
and chemical composition. J Biol Chem 242:1915-1922, 1967

34. Heasley LE, Johnson GL: Regulation of protein kinase C by nerve growth fac-
tor, epidermal growth factor, and phorbol esters in PC12 pheochromocy-
toma cells. J Biol Chem 264:8646-8652, 1989

35. Harikumar P, Reeves JP: The lysosomal pump is electrogenic. J Biol Chem
258:10403-10410, 1983

36. Barrett AJ, Kirschke H: Cathepsin B, cathepsin H and cathepsin L. In Meth -
ods in Enzymology. Vol. 80. Lerand L, Ed. San Diego, Academic, 1981,
p.535-561

37. Read SM, Northcote DH: Minimization of variation in the response to differ-
ent proteins of the Coomassie Blue dye-binding assay for protein. Anal Bio -
chem 116:53-64, 1981

38. Li YM, Mitsuhashi T, Wojciechowicz D, Shimizu N, Li J, Stitt A, He C, Baner-
jee D, Vlassara H: Molecular identity and cellular distribution of advanced gly-

DIABETES, VOL. 49, JANUARY 2000



T.M. OSICKAAND ASSOCIATES

cation endproduct receptors: relationship of p60 to OST-48 and p90 to 80K-H
membrane proteins. Proc Natl Acad Sci U S A 93:11047-11052, 1996

39. Han HJ, Koh HJ, Park SH: A signaling pathway for stimulation for Na+ uptake
induced by angiotensin Il in primary cultured rabbit renal proximal tubule cells.
J Vet Med Sci 61:135-141, 1999

40. Hunziker W, Male P, Mellman I: Differential microtubule requirements for tran-
scytosis in MDCK cells. EMBO 9:3515-3525, 1990

41. Nerurkar MA, Satav JG, Katyare SS: Insulin-dependent changes in lysosomal
cathepsin D activity in rat liver, kidney, brain and heart. Diabetologia 31:119-

DIABETES, VOL. 49, JANUARY 2000

122, 1988

42. Olbricht CJ, Geissinger B: Renal hypertrophy in streptozotocin diabetic rats:
role of proteolytic lysosomal enzymes. Kidney Int 41:966-972, 1992

43. Radons J, Biewusch U, Grassel S, Geuze HJ, Hasilik A: Distinctive inhibition
of the lysosomal targeting of lysozyme and cathepsin D by drugs affecting pH
gradients and protein kinase C. Biochem J 302:581-586, 1994

44. Gewer K, Tapper H, Nauclér C, Sundler R: Dexamethasone downregulates lyso-
somal secretion in mouse macrophages: involvement of signaling through pro-
tein kinase C. J Inflamm 47:115-125, 1995/1996

93



