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Protein kinase C

inhibition: a novel

therapeutic strategy for diabetic

microangiopathy

ISKANDAR IDRIS, RICHARD DONNELLY

Abstract

iochemical mechanisms involved in hyperglycaemia-
Binduced vascular damage include alterations in

cellular signalling by activation of protein kinase C
(PKC). Twelve isoforms of PKC have been characterised
according to their structure and co-factor requirements.
Activation of PKC is mediated primarily through increased
release of diacylglycerol (DAG). Adverse effects of PKC and
DAG on vascular function include increased permeability,
endothelial cell activation, altered blood flow, leukocyte
adhesion and abnormal growth factor signalling.

A highly selective and orally active PKC-$ isoform-
selective inhibitor, ruboxistaurin, has been developed.
Initial studies suggest that this agent decreased the
development of sight-threatening macular oedema and
the occurrence of visual loss. It did not, however, prevent
the progression of diabetic retinopathy.

Diabetes Vasc Dis Res 2006;3:172-8

Key words: diabetes, vascular function, retinopathy,
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Introduction

Chronic hyperglycaemia is the main aetiological factor for
the development of microvascular complications in diabetes
(e.g. retinopathy, neuropathy and nephropathy). Two land-
mark studies, the Diabetes Control and Complications Trial
(DCCT)" and the United Kingdom Prospective Diabetes
Study (UKPDS),* have established that intensive glycaemic
control can retard the occurrence and progression of these
vascular complications. However, follow-up data of the
DCCT cohort, the DCCT/EDIC (Epidemiology of Diabetes
Interventions and Complications),” showed that in the group
originally allocated to ‘conventional control” the risk of
vascular complications persisted despite conversion to
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intensive glycaemic management. This phenomenon of
‘metabolic memory’ highlights the importance of attaining
tight glycaemic control from the outset of diagnosis — a task
that may not be possible in many patients with diabetes, not
least because of the risks of hypoglycaemia and problems
associated with treatment compliance.

An increased understanding of the pathophysiology of
diabetic microangiopathy and the mechanisms of glycaemic
vascular damage might facilitate the development of new
therapeutic agents that ameliorate microvascular complications,
even or especially when tight glycaemic control is unattainable.

This review will outline the pathophysiology of diabetic
microvascular complications, describe mechanisms that have
been proposed to explain the molecular pathogenesis of
diabetic vasculopathy, focus on the clinical and therapeutic
significance of glucose-induced activation of protein kinase C
(PKC) and review clinical evidence on the efficacy and
tolerability of the PKC-f inhibitor ruboxistaurin for the
treatment of sight-threatening diabetic retinopathy.

Diabetic microangiopathy

Several biochemical mechanisms have been identified in the
pathogenesis of hyperglycaemia-induced vascular damage.
They include formation of glucotoxins by: 1) increased flux
via the aldose reductase pathway;* 2) accelerated formation
of advanced glycation end products (AGEs);> 3) increased
oxidative stress;® and 4) glucotoxin-induced alterations in
cellular signalling by activation of PKC (figure 1).”

Following exposure of vascular tissues to glucotoxins, the
ensuing changes in cellular structure and function lead to
endothelial hyperpermeability, activation of inflammatory cells
and abnormal expression of vascular and neurotrophic factors.
In addition, because of cross-talk between different signalling
pathways, hyperglycaemia induces increases in capillary pres-
sure, hypoxia® and/or increased activity of the local renin-
angiotensin-system.” These changes lead to tissue-specific
vascular damage. In the retinal vasculature, for example, one
of the earliest and most specific changes is the death of
pericytes (retinal contractile cells), leading to endothelial cell
proliferation and microaneurysm formation. Changes in
vascular haemodynamics and autoregulation result initially in
increased retinal blood flow, venous dilatation and beading as
well as intraretinal microvascular abnormalities.

The loss of endothelial barrier function is also an early
pathophysiological feature of diabetic microangiopathy.
Marked increases in albumin permeation have been reported
in the eye, sciatic nerve, aorta and kidney obtained from
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Figure 1. Glucose enters vascular cells and undergoes glycolysis, with a variable amount (depending upon tissue activity of aldose
reductase) entering the polyol pathway. Under conditions of hyperglycaemia and increased glycolysis, glyceraldehyde-3-phosphate
(G-3-P) is converted to phosphatidic acid and de novo synthesis of DAG occurs. Newly-synthesised DAG is rich in palmitate, and

DAG activates PKC, especially the By, isoform in vascular cells
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Key: DAG - diacylglycerol; PKC = protein kinase C; AGE = advanced glycation end products

three-week-old diabetic rats." The mechanism of endothelial
barrier dysfunction is not fully understood, but alterations in
intracellular contractile events seem to be associated with
characteristic morphological changes of the endothelial
cells:" increased endothelial permeability to macro-
molecules; a change in the shape (‘rounding up’) of
endothelial cells; and activation of second messenger systems.

Hyperglycaemia-induced increases in vascular perm-
eability involve phosphorylation and relaxation of specific
cytoskeletal and adhesion proteins,”” decreased cell-to-cell
contact and an increase in albumin permeability mediated
in part via an effect on nitric oxide synthase.” In addition,
hyperpermeability changes in response to bradykinin,
angiotensin Il and platelet activating factor (PAF) are also
mediated by hyperglycaemia.™

Progressive capillary narrowing and/or microthrombosis
lead to impairment of retinal blood flow. When a large
segment of the retina is affected, retinal ischaemia occurs
and stimulates growth factor production. Whilst various
growth factors have been postulated to play an important
role in the development of diabetic retinopathy, vascular
endothelial growth factor (VEGF) is the most extensively
studied. VEGF (also known as vascular permeability factor —
VPF) is a homodimeric glycoprotein produced by the
vascular smooth muscle.” VEGF expression is induced by
hypoxia™ and by various metabolic stimuli such as platelet-
derived growth factor, angiotensin 11" and high extracellular
glucose.” By virtue of its powerful angiogenic effect and

potent permeability properties, VEGF is strongly implicated
in the development of neovascularisation and retinal leakage
(macular oedema).

One study also showed that, regardless of contributions
made by other growth factors, VEGF signalling appears to
play a critical role in the pathogenesis of retinal new vessel
formation: inhibition of VECF receptor kinase activity alone
is adequate to block retinal neovascularisation completely.”
Increasing evidence has also emerged to suggest the
important role of renal VEGF in producing the glomerular
protein leakage seen in diabetic nephropathy.” This is
characterised initially by glomerular hyperfiltration, followed
by expansion of extracellular matrix within the renal
mesangium (predominantly mediated by increased type IV
collagen and fibronectin, induced by transforming growth
factor-f, TGF-p) as well as morphological changes in
podocyte cell structure.

Protein kinase C and glycaemic vascular dysfunction

Adding and removing phosphate groups is an important
physiological mechanism which regulates the activity of
various cellular proteins. Key metabolic enzymes, for
example, are switched on and off by kinases (enzymes that
add phosphate groups) and phosphatases (enzymes that
remove phosphate groups), which are themselves regulated
by other biochemical signals such as hormones and growth
factors. Kinases are broadly divided into those that
phosphorylate proteins at tyrosine residues (tyrosine kinases)
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Table 1. Different isoenzymes of PKC

Group A
Conventional (cPKCs)

Group B
Novel (nPKCs)

Group C
Atypical (aPKCs)

Ca**- and
PL-dependent

Ca’*- and
PL-independent

Ca’*-independent and
PL-dependent

o d g
Bi € A
B n
v 0

u

Key: PL = phospholipid; PKC = protein kinase C

PKC-A and PKC-v may be species homologues

and those that phosphorylate them at serine and threonine
sites (serine/threonine kinases). Two major serine/threonine
kinases are widely distributed in all tissues: cyclic-AMP-
dependent protein kinase (also known as protein kinase A)
and PKC.

First described 40 years ago, PKC is not a single enzyme
but rather a family of structurally and functionally related
proteins, derived from multiple genes and from alternative
splicing of single mRNA transcripts. Twelve isoforms of PKC
have been cloned and characterised according to structure
and co-factor requirements (table 1): group A (classical) PKC
isoforms, e.g. PKC-a, -f; and -By;, require the presence of
both calcium and phospholipid for enzyme activation; group
B (novel) isoforms are calcium-independent; and group C
(atypical) PKC isoforms are both calcium- and phospholipid-
independent.” Individual isoforms have different patterns of
tissue distribution, substrate specificity and co-factor
requirements.

Activation of PKC is primarily mediated by increased
release of intracellular diacylglycerol (DAC).” DAG is
generated from several different sources: receptor-mediated
hydrolysis of inositol phospholipids; de novo synthesis from
phosphatidic acid; breakdown of phosphatidylcholine; and
via the liberation of free fatty acids from precursor lipids by
the action of phospholipase A,.” In diabetes, excess glucose
that is transported into vascular cells (by GLUT-1 transporter)
is metabolised mostly by glycolysis. The increase in glycolysis
results in increased de novo synthesis of DAG, which is the
main endogenous activator of PKC. Increases in total DAG
and PKC activation have been demonstrated in various
tissues of animals and human subjects associated with dia-
betic vascular complications, including retina,* aorta, heart*
and renal glomeruli.”

Investigators at the Joslin Diabetes Centre in Boston were
first to observe that different PKC isoforms respond
differently to hyperglycaemia.”> This may suggest that
different species of DAG (varying in fatty acid composition)

Table 2. Hyperglycaemia induces increases in DAG and
PKC activation. In particular, activation of the PKC-3
isoform leads to various unwanted pathological effects,
which can be broadly grouped under three headings:
altered membrane transport, increased gene expression
and changes in endothelial and vascular smooth muscle
(VSM) function

Membrane transport

Increased PLA, activity
Increased arachidonic acid activity
Increased PGE, activity
Reduced Na*-K*-ATP-ase

Gene expression

VEGF permeability and angiogenesis
TCGF-B matrix production
Growth factors, e.g. f fibroblast growth factor
Vascular smooth muscle hyperplasia
Intracellular adhesion molecules
Endothelin-1

Endothelial and vascular smooth muscle function

Increased reactive oxygen species
Impaired nitric oxide synthase regulation
Angiotensin Il and endothelin-1 responsiveness
Impaired platelet-mediated vasodilatation

Key: DAG = diacylglycerol; PKC = protein kinase C;
PLA> = phospholipase Ay; PGE) = prostaglandin Ey;
VEGF = vascular endothelial growth factor

selectively activate one or more PKC isoforms in different
vascular tissues. The same investigators showed that
hyperglycaemia-induced DAG (rich in palmitate) preferentially
activates the PKC-B; and -f isoforms relative to other
isoforms in the retina and renal tissues.” In addition, glucose
appears to regulate proliferative responses in retinal
endothelial cells via the PKC-B; isoform.” In humans, PKC
activity in circulating monocytes correlates with plasma glucose
concentrations in subjects both with and without diabetes.
Clinical and experimental studies have since documented
a number of undesirable effects of PKC activation in vascular
tissues which contribute to both the structural and functional
changes associated with diabetic complications. Glucose-
induced activation of PKC regulates gene expression, indirectly
via stimulation of mitogen-activated protein (MAP) kinase
and directly by encoding for proteins involved in vascular
contractility such as fibronectin, type IV collagen,”
caldesmon® and nitric oxide synthase.” Growth factors and
proteins involved in vascular permeability and scar tissue
formation, especially VEGF and TGF-f respectively, are also
regulated by PKC at the level of gene transcription.”
Increased adhesion of leukocytes, in part secondary to
upregulation of ICAM-I, neutrophil integrins and other pro-
inflammatory molecules, leads to retinal capillary leakage,
occlusion and microthrombosis.”’* In addition to the high
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Figure 2. Oral administration of the PKC-} inhibitor
(LY333531) to normal rats prevents the increase in vitreous
fluorescein leakage following intravitreal injection of VEGF”
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Figure 3. Structure of LY333531, a macrocyclic bis-
indolylmaleimide, which is an orally active PKC-{ inhibitor.
IC5, values (i.e. concentration in nM required to achieve 50%
inhibition of enzyme activity) for LY333531 with respect to
each PKC isoform and related intracellular kinases*
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expression of PKC isoforms in circulating white cells and
platelets and the close correlation between PKC enzyme
activity in circulating monocytes® and plasma glucose concen-
trations, leukocyte adhesion to retinal endothelial cells has
been shown to involve several PKC-dependent pathways.**

Thus, DAG and PKC appear to be critical intracellular
signalling molecules which can adversely affect vascular
function through increased permeability, endothelial cell
activation, alterations in blood flow, leukocyte adhesion and
abnormal growth factor signalling (table 2).

Relationship between PKC and VEGF in
microangiopathy
VEGF is a cytokine with powerful angiogenic and mitogenic
actions which has a major role in retinal and renal leakage
(macular oedema and albuminuria, respectively) and neo-
vascularisation. In vitro studies have shown that hyper-
glycaemia induces a dose-dependent increase in VEGF
peptide production in human vascular smooth muscle cells.
Ocular levels of VEGF correlate with new vessel formation in
patients with diabetes,” whilst intra-vitreal administration of
neutralising chimeric proteins attenuates the angiogenic
response to VECF in experimental models.** VEGF binds to
the vascular endothelium via two major receptors; fms-like
tyrosine kinase (Flt) and fetal liver kinase 1 (Flk-1), also
known as VEGF-RT and VEGF-R2, respectively. VEGF-R1 is
expressed on both endothelial and non-endothelial cell
types, whereas VEGF-R2 is expressed only on endothelial
cells, especially of the retinal microcirculation.” The binding
of VEGF to either receptor triggers the release of DAG,
which in turn leads to activation of PKC -a, - and -3.*
The pathological response to VEGF appears to be
dependent upon selective activation of specific PKC iso-
forms, but PKC-f seems to be especially important in VEGF
signalling. In an in vivo study, intravitreal injection of VEGF
was shown to activate PKC rapidly in the retina; the effect of
VEGF on retinal vascular permeability appears to be mediated
predominantly by the 8 isoform of PKC, with > 95% inhibition

of VEGF-induced permeability by intravitreal or oral
administration of a PKC f-isoform-selective inhibitor (figure
2).” Further support for the role of the PKC-p isoform in
mediating advanced diabetic retinopathy was seen in studies
using genetically modified animals. The angiogenic response
to retinal ischaemia is increased in mice overexpressing the
PKC-By isoform and the mitogenic action of VEGF was
increased two-fold in retinal endothelial cells overexpressing
the PKC-p; and -f isoforms.** Importantly, VEGF gene
transcription in response to hypoxia and/or hyperglycaemia
is also partly dependent upon PKC activation,* evidence
perhaps of a feedback loop regulating VEGF and PKC activities.

Therapeutic potential of isoform-selective PKC
inhibition

Early PKC inhibitors developed for experimental use, such as
staurosporine, the isoquinolinesulphonamides and H7,
blocked all the PKC isoforms and were not specific for PKC.
Increased understanding of the biochemistry and functional
roles of different PKC isoforms has led to renewed interest in
developing isoform-selective blockade of PKC activation for
therapeutic use — for example, using antisense oligoneu-
cleotides or macrocyclic-bis-indolyl-maleimide compounds.
The chemical characterisation and in vivo pharmaceutical
profile of a highly selective and orally active PKC-f isoform-
selective inhibitor, ruboxistaurin mesylate (LY333531), was
reported in Science by researchers in Boston* (figure 3). This
compound showed considerable selectivity for inhibiting
PKC-p; and -y, with IC5¢ values (drug concentration
required to inhibit isoenzyme activity by 50%) of around
5 nM (i.e. more than 100 times lower than the ICs( values
for other PKC isoforms and kinases).

Reduction of retinal blood flow occurs early in diabetic
retinopathy due to increased endothelin-1 (ET-1) production/
responsiveness mediated by increased PKC activity.*** In the
retina of diabetic animals, ruboxistaurin has been shown to
decrease retinal PKC activity, restore Na*-K*-ATPase activity,”
reduce VEGF- induced angiogenesis and permeability,” and
normalise retinal blood flow.* Systemic administration of
ruboxistaurin in a pig model of retinal vein occlusion also
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Figure 4. Effect of oral LY333531 on renal and retinal vascular
function in non-diabetic and STZ-diabetic rats. Untreated
diabetic animals show increases in glomerular filtration rate
(GFR), renal filtration fraction (GFR) corrected for renal
plasma flow (RPF), urinary albumin excretion rate (AER) and
retinal mean circulation time (MCT). Oral treatment with
LY333531 0.1 -10 mg/kg/day ameliorated these renal and
retinal haemodynamic abnormalities*
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Figure 5. Cox proportional hazard model for moderate visual
loss (MVL). Severe DME is defined as retinal thickening (or
adjacent hard exudates) located at or within 100 um of the
centre of the macula. Horizontal bars indicate 95% Cls, and
P values are indicated to the right™

P=0.043
Nitrates (Y)  }€—Q—————
ACEI/ARB use (Y) O 0.007
Gender (male) _0— 0.025
High LDL cholesterol o 0.049
or triglycerides
______ T 0.012
Treatment (32 mg RBX)
Baseline VA (<80) I o
Antibiotic use (Y) -—O0—
DME (severe) — 0 0.018
Age (>55) B —© — 0.018
Tobacco use (Y) —O0—— 0.021
I I I 1

T
0.125 0.25 0.5 1 2 4 8

Hazard ratio

Key: DME = diabetic macular oedema; ACEl = angiotensin-converting
enzyme inhibitor; ARB = angiotensin Il receptor blocker;
LDL = low-density lipoprotein; RBX = ruboxistaurin; VA = visual acuity

attenuated new vessel formation in the retina and optic
nerve."”

In addition to the favourable effects of PKC-f3 inhibition
in experimental models of retinopathy, ruboxistaurin has
been shown to prevent or reverse vascular dysfunction in
diabetic nephropathy (figure 4).* PKC inhibitors have also
been shown to decrease cardiac and endothelial cell
dysfunction and systemic oxidative stress in animal models
of diabetes or insulin resistance.”*

Clinical evaluation of ruboxistaurin
A phase | tolerability and pharmacokinetic study in healthy
volunteers**® was followed by phase Il efficacy studies in
patients with diabetes.” In those with type 1 and type 2
diabetes and minimal or no evidence of diabetic retinopathy,
ruboxistaurin produced a dose-dependent increase in reti-
nal blood flow, maximal after 32 mg daily for one month.
Large international randomised controlled trials were
subsequently initiated to evaluate the safety and efficacy of
ruboxistaurin in larger groups of patients during longer-term
administration and at different doses. A combined phase
[I/1ll trial studied 252 patients in the diabetic retinopathy arm
(PKC-diabetic retinopathy study [DRS]) and 426 patients in
the diabetic macular oedema arm (PKC-diabetic macular

edema [DME]).”* In the PKC-DRS trial, the aim was to
evaluate whether the agent slowed the progression of non-
proliferative diabetic retinopathy or prevented laser treatment.
In this study, diabetic retinopathy severity was 47b to 53e
(moderate-to-severe non-proliferative diabetic retinopathy
[NPDR]) with no prior panretinal photocoagulation but
patients could have had prior focal treatment or diabetic
macular oedema at baseline. The primary end point was the
progression of diabetic retinopathy (defined as 3+ step
change in the Early Treatment Diabetic Retinopathy Study
(ETDRS) retinopathy person severity scale or 2+ change in
the ETDRS retinopathy eye severity scale) or panretinal pho-
tocoagulation.

In the DME arm, the primary outcome was the slowing
or reversal of the progression of macular oedema or the pre-
vention of laser treatment. The diabetic retinopathy severity
was 20 to < 47 (mild-to-moderate NPDR). Patients had no
prior photocoagulation (panretinal or focal) but could have
macular oedema at baseline. The Cox proportional models
for both studies are as shown (figure 5). Whilst the overall
result for these two studies was largely equivocal, subanalysis
of the two studies showed that ruboxistaurin decreased the
development of sight-threatening macular oedema and the
occurrence of visual loss, most efficacious at the 32 mg dose
and where HbA - was less than 10% at baseline.
Ruboxistaurin did not prevent the progression of diabetic
retinopathy nor the combined outcome of DME progression
or the application of laser photocoagulation. Ruboxistaurin
did, however, appear to be well tolerated and pooled data
from both PKC-DRS and PKC-DME (n=937) showed that
there was no consistent pattern of adverse events to suggest a
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causal relationship between ruboxistaurin and any sponta-
neously reported adverse event.

Failure to reach the primary outcomes in these studies
may be due to a variety of reasons. One likely possibility was
that the study was underpowered (i.e. power calculation was
based on a previously documented retinopathy progression
rate when glycaemic and blood pressure control were likely
to be less intensive). Combining phase Il with phase IlI trials
in order to fast-track the clinical development of ruboxistau-
rin has resulted in inadequate knowledge about the most
appropriate dose range that should be utilised within the
context of a large RCT. Furthermore, it is our view that, given
the experimental data favouring use of ruboxistaurin to
ameliorate leakage and ischaemia in macular oedema,
further clinical trials should not exclude patients receiving
laser treatment but rather should evaluate ruboxistaurin as
add-on therapy to ‘usual care’.”

Nevertheless, given the knowledge obtained from these
two studies, two large high-powered single dose trials (PKC-
DRS2 and PKC-DMES2), evaluating the impact of
ruboxistaurin 32 mg on these end points, have recently been
completed. A combined meta-analysis from the PKC-DRS
and PKC-DRS2 studies showed that, compared to placebo,
ruboxistaurin significantly reduced the occurrence of
sustained moderate visual loss by 41% and reduced the
encroachment of clinically significant macular oedema to
the centre of the macula. Ruboxistaurin also increased the
chance of visual acuity improvement in patients with
moderately severe to very severe non-proliferative diabetic
retinopathy.**

The therapeutic potential of ruboxistaurin has also been
observed in diabetic neuropathy and nephropathy. In a
multinational phase Il RCT to assess sensory symptoms and
nerve function in patients with diabetic neuropathy,
ruboxistaurin improved sensory symptoms and nerve fibre
functions in a subgroup of patients with less severe diabetic
neuropathy but did not prevent the progression of diabetic
neuropathy as measured by nerve conduction velocity.” A
more recent multicentre pilot study investigated the effects
of ruboxistaurin on one-year diabetic nephropathy outcomes
among 123 patients with type 2 diabetes and persistent
albuminuria (mean albumin-creatinine ratio [ACR] 764
mg/g). The investigators reported that ruboxistaurin (32
mg/day) produced a 24% reduction of ACR and a slower
decline in renal function compared with baseline.*® The
beneficial effect of ruboxistaurin is additive to intensive
glycaemic control plus the inhibition of the renin-
angiotensin-system, suggesting perhaps distinct vascular
pathways from those by which angiotensin Il and PKC-§
activation mediate their pathogenic effects in patients with
diabetic nephropathy. It is important to note, however, that
whilst ruboxistaurin showed a reduction of ACR when
compared with baseline levels, the changes were not signif-
icant when compared with those achieved by placebo when
subjected to the conventional inter-group comparison.
Information obtained from this ‘proof of concept’ study will
no doubt form the basis for larger, adequately powered
studies to evaluate the therapeutic effects of ruboxistaurin
on diabetic nephropathy.

Conclusion

Hyperglycaemia-induced de novo synthesis of DAG in
vascular cells leads to preferential activation of the PKC-f
isoform, which is strongly implicated in the pathogenic
processes involved in diabetic microangiopathy such as
ischaemia, leakage, neovascularisation and abnormal
vasodilator function. Ruboxistaurin is an orally active f3-
specific PKC inhibitor and appears to be well tolerated in
large phase Il and phase Il clinical trials of intermediate
duration (14 years). Preliminary evidence from these clinical
studies has led to some degree of optimism with regards to its
efficacy in a subgroup of patients with diabetic microangio-
pathy, although more large studies are needed to establish its
efficacy for the treatment of diabetic microangiopathy when
used in combination with established therapies.
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