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Amelioration of Vascular Dysfunctions in
Diabetic Rats by an Oral PKC 3 Inhibitor
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The vascular complications of diabetes mellitus have been correlated with enhanced
activation of protein kinase C (PKC). LY333531, a specific inhibitor of the 8 isoform of PKC,
was synthesized and was shown to be a competitive reversible inhibitor of PKC B, and
B,, with a half-maximal inhibitory constant of ~5 nM; this value was one-fiftieth of that
for other PKC isoenzymes and one-thousandth of that for non-PKC kinases. When
administered orally, LY333531 ameliorated the glomerular filtration rate, albumin excre-
tion rate, and retinal circulation in diabetic rats in a dose-responsive manner, in parallel

with its inhibition of PKC activities.

The major causal factor in the develop-
ment of retinopathy and nephropathy in
diabetes mellitus is hyperglycemia (I).
One theory (2) has attributed the adverse
effect of hyperglycemia to the activation
of PKC, a family of serine-threonine ki-
nases that regulate many vascular func-
tions, including contractility, hemody-
namics, and cellular proliferation (3, 4).
PKC activity is increased in the retina,
aorta, heart, and renal glomeruli of diabet-
ic animals, probably because of an increase
in de novo synthesis of diacylglycerol
(DAG), a major endogenous activator of
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PKC (2, 5, 6). Our observation that the
PKC B, isoenzyme is preferentially acti-
vated in the retina, heart, and aorta of
diabetic rats (2) led us to propose that the
abnormal activation of PKC B, may cause
some of the diabetic vascular complica-
tions (5). To test this hypothesis, we syn-
thesized an orally effective PKC inhibitor
that was PKC B selective and evaluated its
ability to ameliorate vascular dysfunctions
in diabetic rats.

On the basis of the structures of known
PKC inhibitors (7, 8), we performed an ex-
tensive screening to identify and optimize a
PKC B-selective inhibitor. A panel of eight
cloned human PKC isoenzymes (., B4, By, 7,
3, &, {, and 1) was used to profile the selec-
tivity of the inhibitor, with DAG used as an
activator (3, 8). The macrocyclic bis(in-
dolyl)maleimide structure (LY333531) was
found to inhibit PKC B selectively (Scheme
1). LY333531 inhibited PKC B, and B, with
a half-maximal inhibitory constant (ICs,) of
4.7 and 5.9 nM, respectively, whereas for oth-
er PKC isoenzymes except m, the IC,, was 250
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nM or greater (Table 1). For PKC v, the IC,,
was 52 nM. For other adenosine triphosphate
(ATP)—dependent kinases studied, the ICs,

|
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Scheme 1. Structure of LY333531 (22).

was >10° nM, and for calcium calmodulin
kinase, it was 8 X 10°> nM. Kinetic analysis
with Lineweaver-Burk and Dixon plots
showed that LY333531 was a competitive in-
hibitor for ATP, with an inhibition constant
K; of 2 nM for PKC B,. In contrast, stauro-
sporine was not isoform selective among a,
Bis B2 v, 8, € and m.

The specificity of LY333531 was also eval-
uated in vascular smooth muscle cells that
overexpressed PKC B,. We used phosphoryl-
ation of PKC a and B, as a marker of PKC
activation and inhibition by LY333531, be-
cause the activation of these PKC enzymes
correlates with their phosphorylation (9). We
substantiated this finding with purified PKC
a and B,; LY333531 (10 and 20 nM) inhib-
ited the phosphorylation of PKC B, but not of
PKC a (Fig. 1A). When aortic smooth muscle
cells were exposed to phorbol 12-myristate
13-acetate (PMA) for 30 min, both PKC a
and B, were activated, as measured by a five-
fold increase in their translocation to the
membrane fraction (10). This increase in
PKC translocation correlated with increased
phosphorylation of both PKC a and B, (Fig.
1B). LY333531 (10 nM) inhibited the auto-
phosphorylation or transphosphorylation (9)
of PKC B, by up to 70%, as measured by
immunoprecipitation with PKC B,-specific

Table 1. Selectivity of LY333531 and staurospor-
ine for PKC isoenzymes and other kinases. Each
of the human PKC enzymes was partially purified
from Sf9 cells expressing the individual PKC en-
zymes. PKC activity was assayed by quantitating
the incorporation of 32P from y-[32PJATP into ei-
ther histone (type IlIS) or myelin basic protein (20).

ICyq (NM)
Kinase
LY333531 Staurosporine
PKC a 360 45
PKC B, 47 23
PKC B, 5.9 19
PKC vy 300 110
PKC 8 250 28
PKC e 600 18
PKC ¢ >105 >1.5 x 108
PKC 52 5
Cyclic AMP kinase >10% 100
Ca?*-calmodulin 8 x 108 4
kinase
Casein kinase >10% 1.4 x 10*
Src tyrosine kinase >10°% 1

antibodies, but did not inhibit PKC a (Fig.
1B). These results indicate that LY333531
selectively inhibits PKC B, both in vitro and
in cultured cells at similar concentrations.
To evaluate whether LY333531 affected
activation of PKC in the retina and the
renal glomeruli, we studied the effects of
three oral doses—0.1, 1.0, and 10.0 mg per
kilogram of body weight (mg/kg)—in non-
diabetic and streptozotocin-induced diabet-
ic rats. The plasma concentration of
LY333531 at the highest dose was 5.7 and
19 nM for control and diabetic rats, respec-
tively (11). None of the three doses affected
body weight, amount of blood glucose, or
mean blood pressure in either group of rats

Fig. 1. Effect of LY333531 on phos-
phorylation of PKC o and B,. (A) Puri-
fied PKC a (33.8 pg/ml) and PKC B,
(81.1 pg/ml) prepared from the bacu-
lovirus expression system (23) were in-
cubated with LY333531 for 20 min at
30°C in the presence of Ca2* (1 mM),
phosphatidylserine (100 pg/ml), and
DAG (1.3 pg/ml). The reaction was
started by the addition of ATP (30 uM)
with y-[32P]ATP (30 n.Ci per 100 nmol).
After 3 min, the reaction was terminat- B
ed by addition of Laemmli’s sample

Autophosphorylation I»
(% of control)

-
OO

n
oo

(Table 2). Even at the highest dose of
LY333531, the amounts of plasma glucose in
the diabetic rats (380 * 27 mg/dl) were
greater than those in the nondiabetic rats
(100 = 5 mg/dl). In addition, the amounts
of glycosylated hemoglobin in the diabetic
rats (12.3 = 1.4%, untreated) were not af-
fected by 8 to 10 weeks of treatment with
LY333531 at 10 mg/kg (12.1 *+ 0.4%).
One potential cause of PKC activation in
diabetic vascular tissue is the increased
amount of palmitate-labeled DAG derived
from glucose metabolism (12). We therefore
measured total amounts of DAG in the ret-
ina and renal glomeruli of diabetic and non=
diabetic rats. The amounts of DAG in the

| “~| |-— Autoradiogram
0
0
0
0
LY333531 (nM) 0 10 20 10 20
F'KC ,52

-. &+ |Autoradiogram

E PRSI l |_..-| Immunoblot

buffer. PKC was resolved by SDS- 5= 600

polyacrylamide gel electrophoresis = £ ‘

(SDS-PAGE), and autophosphorylation gg 400

was quantitated by scanning densi- 85 0l

tometry of the autoradiograph. (B) R

Confluent rat aortic smooth muscle £ 0 .

cells overexpressing PKC B, were la- PMA (nM) R g 1o 1
beled with [*Plorthophosphate (1~ L¥333531(nM) =, - ch m

mCi/ml) in phosphate-free Dulbecco’s

modified Eagle’s medium for 3 hours at 37°C and treated with 10 nM LY333531 for 30 min. The cells
were then stimulated with 100 nM PMA for 30 min. The culture medium was removed, and 0.5 ml of
20 mM tris-HCI (pH 7.5), 1% Triton X-100, 2 mM EDTA, 0.5 mM EGTA, 2 mM phenylmethylsulfonyl
fluoride, leupeptin (100 p.g/ml), aprotinin (50 pg/ml), 50 mM NaF, 2 mM Na,VO,, and 1 mM dithio-
threitol was added to the cells.The solubilized cells were centrifuged at 15,000g for 10 min at 4°C, and
the supernatants were immunoprecipitated by incubation with antibodies to PKC a or B, overnight at
4°C and bound to protein A-Sepharose beads. The precipitated proteins were analyzed by SDS-
PAGE followed by autoradiography and immunoblotting. The results are the means of two different

experiments.

Fig. 2. Effect of LY333531 on PKC A
activity (in picomoles per minute per 4071
milligram of protein) in glomeruli (A) 1
and in retina (B) isolated from nondi- 30+
abetic rats (open columns) and dia-
betic rats (shaded columns). After 2
weeks of treatment with LY333531,
the rats were killed with CO,, gas and
their retinas were dissected. Glo- 107
meruli samples were isolated from

201

PKC activity

kidneys by differential sieving (27). 0

20,B

1 | Zi ﬂr“r%

PKC activities in glomeruli and retina 0
were measured as in (24), except

0.1 1.0 10 0 0i 10
Dose of LY333531 (mg/kg)

that PKC activity was calculated by subtracting the phosphorylation in the absence of PKC-specific peptide
substrate (Arg-Lys-Arg-Thr-Leu-Arg-Arg-Leu) (25) from that in the presence of the peptide. Validation of
PKC activity was done by stimulating retina and glomeruli with PMA, which activated PKC equally by either
in situ assay or the translocation assay (PKC activation was 2 and 1.6 times baseline in the retina and
glomeruli, respectively). The results are expressed as mean * SE. Statistical analysis: *P < 0.01 versus
nondiabetic rats without LY333531; P < 0.05, P < 0.01, and §P < 0.001 versus diabetic rats without

LY333531 (Student-Newman-Keuls test).
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retina and glomeruli in the diabetic rats were
149% and 135%, respectively, of the
amounts in the nondiabetic rats (Table 2).
LY333531 (10 mg/kg) did not affect the
increase in the amount of DAG in the retina
or the glomeruli of diabetic rats relative to
nondiabetic controls. PKC activity was in-
creased in both the retina and glomeruli of
diabetic rats (Fig. 2). PKC B, is the predom-
inant activated PKC isoenzyme in the retina,
aorta, and heart (2, 5) and was also found to
be the predominant activated isoenzyme in
the glomeruli of diabetic rats (13).

The PKC activities in the retina and
glomeruli of the diabetic rats were 254%

and 161%, respectively, of those in the
nondiabetic rats (Fig. 2). LY333531 (0.1
mg/kg) reduced PKC activity to normal
rates in the retina of the diabetic rats but
did not significantly affect PKC activity in
the nondiabetic rats (Fig. 2B). In the retina
of the nondiabetic rats, PKC activity de-
creased from 6.8 * 1.6 to 1.5 = 0.4 pmol/
min per milligram of protein at the highest
dose of LY333531 (10 mg/kg). In the renal
glomeruli (Fig. 2A), significant reduction of
PKC activity was observed with high doses
of LY333531 (1.0 and 10 mg/kg). In con-
trast to the effect observed in the retina,
treatment with PKC inhibitor at 0.1 mg/kg

Table 2. Characterization of rats after 2 weeks of treatment with LY333531. Male Sprague-Dawley rats
weighing 240 to 260 g were injected intraperitoneally with streptozotocin at 65 mg/kg. Diabetes was
confirmed by testing blood glucose on the following day. The rats were randomly assigned to eight
feeding groups. The low-, medium-, and high-dose groups were fed rat chow mixed with LY333531 at
doses of 0.1, 1.0, and 10 mg/kg, respectively. Blood pressure was measured with a tail cuff. For the
measurement of total amounts of DAG, the retinas and kidneys were dissected from the rats, and
glomeruli samples were then isolated from kidneys by differential sieving (27). Total lipid was extracted
and total DAG was determined by an enzymatic assay with DAG kinase (5). Animal protocols were
approved by the Joslin Diabetes Center Animal Care Committee. Values are expressed as mean + SD.

Blood Mean Total DAG
Dose of Body blood Kidney ) .
- glucose ; Glomeruli Retina
LY333531 weight (g) (mg/d) ;(Jrr'?r?]s#re weight (g) (nmol/mg (pmol/mg
9) . .
protein) wet weight)
Nondiabetic rats
None 9 8373x19 100=*=10 119+ 7 29+0.2 20038 138 + 36
Low 6 37815 109* 9 124+ 9 3.0+0.3
Medium 6 390*17 110x10 118+ 8 3.1+0.2
High 7 359 +21 100+ 5 119+ 9 2.8+ 01 1.7+x08 102 = 54
Diabetic rats
None 9 312x27f 38151t 115 8 3.3*05 2.7 £0.5* 205 *+ 57
Low 6 323+33f 380x30f 121 9 32+0.2
Medium 6 318+17f 36848t 114 8 32+03
High 9 297 +31f 380*27t 125+10 3.0+05 28 +1.1* 203 + 65*

*P < 0.05, P < 0.001 versus nondiabetic rats without LY333531 (Student-Newman-Keuls test).

Fig. 3. Effect of LY333531 on re-

nal and retinal vascular functions 6TA T G5h B

and urinary AER in nondiabetic T A i

rats (open columns) and diabetic A%, g D] 1
rats (shaded columns). (A and B) E 41 g i *
Renal GFR and filtration fraction = § - B

(26) after 2 weeks of treatment = 2 0.2

with LY333531. (C) Urinary AER & 2- E

after 8 weeks of treatment with e L

LY333531. Urine samples were ®

collected from 10 nondiabetic 5 E o

rats, 9 untreated diabetic rats, 0 01 10 10 o0 01 10 10
and 8 diabetic rats treated with

LY333531 (10 mg/kg), and uri- " ,

nary AER was measured by c 1D

ELISA (27). (D) Retinal MCT mea- "

sured by video fluorescein angio- 15 1.54

grams (19) after 2 weeks of treat- [ — _

ment with LY333531. Theresults <8 | | e 3.8 3
are expressed as mean * SE. g "g: : G

Statistical analysis: *P < 0.01 £ = =

and TP < 0.001 versus nondia- 65 0.5

betic rats without LY333531; 1P ’—L!

< 0.05 and §P < 0.001 versus AEmy ;

diabetic rats without LY333531 0 0 10 08 01N 1aeio
(Student-Newman-Keuls test). Dose of LY333531 (mg/kg)
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did not reduce the activation of PKC in the
renal glomeruli of diabetic rats. Additionally,
in the glomeruli of nondiabetic rats, no sig-
nificant decreases in PKC activity were not-
ed even at the highest dose of LY333531 (10
mg/kg). The different responses of retina and
renal glomeruli could be the result of differ-
ent maximum amounts of LY333531 that
these tissues can accumulate. In addition,
the lack of effect of LY333531 in nondiabet-
ic rats suggests that PKC B may not be
significantly activated in these tissues under
normal circumstances.

To determine whether LY333531 affect-
ed vascular functions in the diabetic rats, we
measured the renal glomerular filtration rate
(GFR), urinary albumin excretion rate
(AER), and retinal mean circulation time
(MCT). Among the two earliest manifesta-
tions of renal abnormality are an increase in
GFR, which indicates increased intraglo-
merular pressure (14, 15), and an increase in
urinary AER, which has been associated
with the development of diabetic nephropa-
thy (14, 16). Hyperglycemia may alter vas-
cular regulation intraglomerularly, possibly
through interactions with angiotensin and
endothelin (17). To characterize renal func-
tion in nondiabetic and diabetic rats, we
measured renal plasma flow (RPF) and GFR
by means of p-aminohippuric acid (PAH)
clearance and inulin clearance, respectively
(Fig. 3A). GFR was found to be 3.0 = 0.2
ml/min in nondiabetic rats and was unaffect-
ed by LY333531. In diabetic rats, GFR in-
creased significantly to 4.6 * 0.4 ml/min.
Treatment with high doses (1.0 and 10 mg/
kg) but not low doses (0.1 mg/kg) of
LY333531 returned the increased GFR in
diabetic rats to normal. The dose-response
curve of LY333531 in normalizing GFR par-
alleled its inhibitory effect on PKC activity
(Fig. 2A). In the same group of nondiabetic
and diabetic rats, RPF was also measured, but
no significant changes were observed. The
calculated filtration fraction (GFR/RPF) was
found to be 0.29 = 0.01 for the nondiabetic
rats and 0.37 * 0.04 for the diabetic rats, an
increase of 28% (Fig. 3B). Treatment with
LY333531 at 1.0 and 10 mg/kg returned the
filtration fraction to normal (0.29 = 0.03
and 0.31 * 0.01, respectively), but this effect
was not observed at a dose of 0.1 mg/kg.
Urinary AER was significantly higher in the
diabetic rats (11.7 = 3.1 mg/day) than in the
nondiabetic rats (1.6 * 0.5 mg/day) (Fig.
3C). Treatment with LY333531 (10 mg/kg)
for 8 weeks significantly decreased urinary
AER in the diabetic rats to 4.9 * 1.6 mg/
day. The improvement of urinary AER by
LY333531 may be associated with a correc-
tion of renal hemodynamics (14, 15) and
may ameliorate the development of ne-
phropathy (18).

Diabetic rats show an increase in retinal
MCT (19), possibly as a result of changes in
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microvascular resistance, and this increase
is associated with the activation of PKC.
Nondiabetic and diabetic rats had MCT
values of 0.67 and 1.40 s, respectively (Fig.
3D). Oral treatment with 0.1, 1.0, and 10
mg/kg of LY333531 reduced MCT in the
diabetic rats to 0.89, 0.84, and 0.87 s, re-
spectively, but had no effect on nondiabetic
rats. Again, the dose-response curve of
LY333531 in ameliorating retinal MCT
paralleled its inhibitory effect on PKC 8
activity (Fig. 2B). Our results demonstrate
that in a rat_model, an orally administered
PKC B inhibitor can be effective in an
isoenzyme-specific manner, without appar-
ent toxicity, and can correct some of the
vascular dysfunctions associated with diabe-
tes mellitus. Hence, abnormal activation of
PKC, in particular its B isoenzymes, may
underlie some of these vascular complica-
tions of diabetes.
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A Mouse Model of Familial Hypertrophic
Cardiomyopathy
Anja A. T. Geisterfer-Lowrance, Michael Christe,

David A. Conner, Joanne S. Ingwall, Frederick J. Schoen,
Christine E. Seidman, J. G. Seidman*

A mouse model of familial hypertrophic cardiomyopathy (FHC) was generated by the
introduction of an Arg#°®® — GlIn mutation into the « cardiac myosin heavy chain (MHC)
gene. Homozygous aMHGC493/403 mjce died 7 days after birth, and sedentary heterozy-
gous aMHGC*%%* mice survived for 1 year. Cardiac histopathology and dysfunction in
the aMHC*%%* mice resembled human FHC. Cardiac dysfunction preceded his-
topathologic changes, and myocyte disarray, hypertrophy, and fibrosis increased with
age. Young male aMHC*%¥* mice showed more evidence of disease than did their
female counterparts. Preliminary results suggested that exercise capacity may have
been compromised in the «MHC*%%/+ mice. This mouse model may help to define the

natural history of FHC.

FHC is an autosomal dominant condition
characterized by unexplained ventricular
hypertrophy with myocyte and myofibril-
lar disarray. Affected individuals typically
experience shortness of breath, angina,
and palpitations, but many are asymptom-
atic. Sudden death, heart failure, and
stroke are the most serious consequences
of the disease (I, 2). Molecular genetic
studies have demonstrated that mutations
in the B cardiac MHC can cause FHC (2,
3). However, FHC is clinically diverse
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even among affected family members who
share the same B cardiac MHC mutation
(4). For example, some affected individu-
als die during childhood, whereas others
survive into their sixth to seventh decade
(I, 2). The mechanisms by which muta-
tions in the B cardiac MHC cause hyper-
trophic cardiomyopathy, and the roles of
physical activity, environment, and mod-
ifying genes in the clinical heterogeneity
of the disease, are poorly understood.

A missense mutation, Arg*®® — Gln
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