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R
educing the incidence and slowing the
progression of diabetes related microvascu-
lar complications remains a difficult chal-

lenge. In the case of diabetic retinopathy, tight
glucose and blood pressure control are difficult to
achieve and maintain in practice, yet still only
provide partial protection against sight threaten-
ing complications in the lifetime of a person with
diabetes.1 More than 250 000 patients every year
develop sight threatening diabetic retinopathy in
the United States alone,2 often despite good
compliance with antidiabetic and antihyperten-
sive treatments. Furthermore, the morbidity and
healthcare costs associated with diabetic retino-
pathy are likely to escalate as the prevalence of
type 2 diabetes increases and as patients with
diabetes live longer. For example, the effective-
ness of cholesterol lowering drugs and angio-
tensin converting enzyme (ACE) inhibitors in
preventing macrovascular (mostly coronary heart
disease) deaths, as well as the wider use of renal
replacement therapy, means that patients with
diabetes related complications are more likely to
survive to experience the distress of failing visual
acuity as a result of retinopathy. Thus, as well as
improving systems for eye screening and detec-
tion of retinopathy, new therapeutic strategies
are urgently needed as an adjunct to existing
treatments—glucose and blood pressure reduc-
tion, photocoagulation and vitreous surgical
techniques—to improve visual outcomes for
patients with diabetes.

ROLE OF PROTEIN KINASE C
ACTIVATION IN HYPERGLYCAEMIA
INDUCED RETINAL INJURY
Several biochemical mechanisms have been
identified in the pathogenesis of hyperglycaemia
induced vascular damage, but increased de novo
synthesis of diacylglycerol (DAG), the endogen-
ous activator of protein kinase C (PKC), is
especially important in mediating a variety of
unwanted functional and structural abnormal-
ities in vascular tissues (fig 1).3 Adding and
removing PO4 groups to intracellular proteins,
via kinases and phosphatases respectively, is an
important regulatory system for activating and
deactivating tissue enzymes, receptor pathways,
and transcription factors controlling gene expres-
sion. PKC mediated phosphorylation of numer-
ous substrate proteins at serine or threonine

residues triggers a cascade of pathophysiological
responses.4 In diabetic retinopathy, PKC
mediated changes in endothelial permeability,5

blood flow,6 and both the formation and
response to angiogenic growth factors7 contri-
bute to retinal leakage, ischaemia, and neovas-
cularisation (fig 1). PKC activation also
contributes to loss of capillary pericytes,8 an
early feature of diabetic retinopathy. In addition,
because of cross-talk between different signal-
ling pathways, hyperglycaemia induced PKC
activation augments biochemical responses trig-
gered by other pathophysiological mechanisms—
for example, hypoxia,9 shear stress and raised
capillary pressure, and/or increased activity of
the local renin-angiotensin system.10

PKC is not a single enzyme, but rather a family
of structurally and functionally related proteins
(isoenzymes) derived from multiple genes (at
least three) and from alternative splicing of
single mRNA transcripts.11 Twelve isoforms of
PKC have been cloned and characterised accord-
ing to structure and cofactor requirements
(table 1): (1) group A (classic) PKCs, cPKC-a,
bI, bII, and c require phospholipid and calcium
for activation; (2) group B (novel) PKCs, nPKC-
d, e, g, h, and m require phospholipid but are
calcium independent; and (3) group C (atypical)
PKCs, aPKC-i, l, and j require neither calcium
nor phospholipid. Individual isoforms have
different patterns of tissue expression, reflecting
complex multifunctional roles in phosphoregula-
tion.12

Increased tissue content of diacylglycerols,
especially palmitate rich DAG, have been
reported in vascular endothelial and smooth
muscle cells cultured in high glucose conditions
and in various cardiovascular tissues from
diabetic animals—for example, retina, aorta,
heart, and glomeruli.3 13 14 A group at the Joslin
Diabetes Centre first observed that different PKC
isoforms are differentially responsive to hyper-
glycaemia.15 It seems likely that different species
of DAG (varying in fatty acid composition)
selectively activate one or more PKC isoforms
in different tissues. Evidence emerged that
hyperglycaemia induced DAG (rich in palmitate)
activates several PKC isoforms in vascular,
retinal, and renal tissues, but quantitatively there
was a greater increase in activity of PKC-bI and
bII relative to other PKCs.15 Other isozymes
activated by hyperglycaemia, albeit to a lesser
extent, include PKC-a, c, and d.3 In addition,
glucose appears to regulate proliferative
responses in retinal endothelial cells via the
atypical PKC isozyme, PKC-i.16 In humans, PKC
activity in circulating monocytes correlates with
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plasma glucose concentrations in both diabetic and non-
diabetic subjects.17

PKC involvement in VEGF production and VEGF action
Vascular endothelial growth factor (VEGF, also known as
vascular permeability factor) is a cytokine with powerful
angiogenic and mitogenic actions which has a major role in
retinal leakage (that is, macular oedema) and neovascular-
isation.18 Ocular levels of VEGF correlate with new vessel
formation in patients with diabetes,19 and intravitreal
administration of neutralising chimeric proteins attenuates
the angiogenic response to VEGF in experimental models.20

VEGF binds with high affinity to the vascular endothelium
via two receptors: fms-like tyrosine kinase 1 (flt-1) (also
known as VEGF-R1) and fetal liver kinase 1 (flk-1) (also
known as VEGF-R2). VEGF-R1 is expressed on both
endothelial and non-endothelial cell types, whereas VEGF-
R2 is expressed only on endothelial cells and especially in the
retinal microcirculation.21 VEGF binding to either receptor
type triggers phosphoinositol hydrolysis and release of DAG,
which in turn leads to activation of PKC-a, b, and d.22 Thus,
the permeability and angiogenic responses to VEGF—for
example, induced by hypoxia,9 are dependent upon selective
activation of classic and novel PKC isozymes, but PKC-b
seems to be especially important in VEGF signalling. For
example, the angiogenic response to retinal ischaemia is

increased in mice overexpressing the PKC-bII isoform, and
the mitogenic action of VEGF was increased twofold in
retinal endothelial cells overexpressing the PKC-bI and bII

isoforms.23 In addition, use of a specific PKC-b inhibitor
confirms that this isozyme is particularly important in VEGF
mediated responses, including the effects of VEGF on the
blood-retinal barrier leading to macular oedema formation.24

Formation of VEGF is also at least partly PKC dependent.
Several studies have shown that VEGF gene transcription—
for example, in response to hypoxia and/or hyperglycaemia, is
dependent upon PKC activation.7 9 Furthermore, other path-
ways involved in diabetic microangiopathy—for example,
release of adhesion molecules, TGF-b, and fibronectin
accumulation, are also regulated at the transcriptional level
by individual PKCs, often in conjunction with MAP kinase
and/or NF-kB.25–27 Thus, several disease mechanisms which
upregulate the expression of genes and harmful gene
products seem to do so, at least in part, via PKC activation.

Leucocyte adhesion and PKC activation
There is increasing evidence that leucocytes are involved in
the pathogenesis of diabetic retinopathy.28 Increased leuco-
cyte adhesion, in part secondary to upregulation of ICAM-1,
neutrophil integrins,29 and other proinflammatory molecules,
leads to retinal capillary leakage, occlusion, and microthrom-
bosis.30–32 PKC isoforms are highly expressed in circulating
white cells and platelets, and PKC enzyme activity in
circulating monocytes has been correlated with plasma
glucose concentrations.17 Thus, leucocyte adhesion to retinal
endothelial cells involves several PKC dependent pathways.25

In patients with diabetes, increased levels of shed adhesion
molecules in the serum, particularly E -selectin and VCAM-1,
correlate with the severity of retinopathy,33 and these shed
adhesion molecules are angiogenic in their own right.

Reduced Na+-K+ and Ca2+-ATPase activity
Glucose induced increases in arachidonic acid release,
prostaglandin-E2 production and inhibition of Na+-K+ and
Ca2+-ATPase activities are mediated by PKC activation,
especially PKC-b.34 35 Reduction in membrane transporter
activity contributes to early functional and structural changes
associated with retinopathy, in particular changes in micro-

Figure 1 Under hyperglycaemic
conditions glucose enters vascular and
retinal cells via the GLUT 1 transporter
and is metabolised by glycolysis.
Accumulation of an intermediate in
glycolysis, glyceraldehyde-3-phosphate
(G-3-P), leads to de novo synthesis of
DAG, which in turn activates one or
more PKC isozymes, especially but not
exclusively PKC-b. PKC mediated
phosphorylation of transcription
factors, cytoskeletal proteins, enzymes
and transporters in turn affects many of
the pathophysiological features of
diabetic retinopathy.

Table 1 PKC is a family of isoenzymes, divided into
three groups according to cofactor (Ca2+) and
phospholipid (PL) requirements

Group A Group B Group C

Classic (cPKCs) Novel (nPKCs) Atypical (aPKCs)

Ca2+ and PL dependent Ca2+ independent
and PL dependent

Ca2+ and PL
independent

a d i
bI e l*
bII g f
c h

m

*PKC-l and PKC-i may be species homologues.
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circulatory flow, capillary pressure, and intercellular com-
munication.35

DEVELOPMENT AND CHARACTERISATION OF
ISOFORM SELECTIVE INHIBITORS OF PKC-b
Because PKC plays such a fundamental part in signal
transduction in different tissues, it seemed likely that broad
spectrum inhibitors of PKC isozymes would be associated
with multiorgan dysfunction and toxicity in humans. First
and second generation PKC inhibitors developed for experi-
mental use—for example, staurosporin and the isoquinoli-
nesulphonamides (for example, GF 109203X), were not even
specific for PKC, but as the biochemical and functional
profiles of individual PKC isoforms became clearer there has
been renewed interest in the therapeutic opportunities for
isoform selective blockade of PKC activation—for example,
using antisense oligonucleotides10 or macrocyclic bis-indolyl-
maleimide compounds.36 In 1996, the chemical characterisa-
tion and in vivo pharmacological profile of a highly selective
and orally active PKC-b inhibitor, ruboxistaurin mesylate
(LY333531), was reported in Science.37 Ruboxistaurin has
considerable selectivity and reversibility for inhibiting PKC-bI

and PKC–bII with IC50 values (drug concentration required to
inhibit isoenzyme activity by 50%) of around 5 nM
(.100 times lower than the IC50 values for other PKC
isoforms and other kinases).37 The experimental profile of
ruboxistaurin and related analogues with PKC-b inhibitory
activity have been evaluated in a range of experimental
models related to diabetic retinopathy and other microvas-
cular complications (for example, peripheral neuropathy).

Effects of ruboxistaurin on retinal blood flow
A reduction in retinal blood flow is an early feature of
diabetic retinopathy,38 probably caused by imbalances
between two important vasoactive molecules: increased
endothelin-1 (ET-1) production and ET-1 responsiveness39

combined with reduced nitric oxide (NO) availability, in part
due to reduced NO synthase production.40 These abnormal-
ities in retinal haemodynamics have been attributed, at least
in part, to increased retinal PKC activity,14 and diabetes
induced upregulation of ET-1 is mediated by PKC-bI.

41

Furthermore, administration of ruboxistaurin decreased
retinal PKC activity (fig 2) and restored Na+-K+-ATPase
activity in diabetic rats35 (fig 3), and attenuated the decline in
retinal blood flow36 (fig 4). Early phase clinical studies have
also confirmed the favourable effects of ruboxistaurin on
normalising retinal blood flow in patients with type 1 and
type 2 diabetes.42

Effects of PKC-b inhibition on retinal permeability and
neovascularisation
There is considerable interest in the pathophysiological role
of PKC-b activation on pathways of VEGF formation and
VEGF action in the retinal endothelium. Ruboxistaurin
reduces VEGF induced retinal permeability,24 and systemic
administration in a pig model of branch retinal vein occlusion
effectively attenuated new vessel formation on the retina and
optic nerve.43 Furthermore, PKC-b inhibition with ruboxis-
taurin reduced the mitogenic response to VEGF, in contrast
with PKC-a inhibition (using an antisense oligonucleotide).22

Thus, activation of PKC-b seems to be an essential step in
VEGF mediated endothelial cell migration and replication
(early steps in angiogenesis). A study in rats showed that
intravitreal VEGF administration increases retinal vascular
permeability in conjunction with activation of PKC-a, bII, and
d.24 Thus, PKC-b is important but not the sole PKC isozyme
involved in these unwanted pathways.

Transgenic mice overexpressing PKC-bII show an increased
angiogenic response to retinal ischaemia, and in knockout
mice lacking the PKC-b isoform there was a significant
decrease in retinal neovascularisation.23 Furthermore, the
mitogenic action of VEGF was twofold higher in retinal
endothelial cells of mice overexpressing the PKC-b isoform,23

Figure 2 PKC activity in freshly isolated retinal microvessels from
normal and diabetic rats, and animals treated with ruboxistaurin. Thus,
most of the increase in PKC activity in retinal vessels in diabetes seems to

Figure 3 Na+-K+-ATPase activity in retinal microvessels of normal and
diabetic rats, and animals treated with ruboxistaurin. The PKC-b
inhibitor restores the diabetes related reduction in Na+-K+-ATPase
activity. Reproduced from Kowluru et al.35

Figure 4 Retinal mean circulation time (MCT, seconds) in STZ diabetic
rats (solid bars) and non-diabetic rats (open bars) after 2 weeks of
treatment with vehicle (dose zero) or different doses of ruboxistaurin
(0.1–10 mg/kg/day). Diabetes is associated with a reduction in retinal
blood flow (increased MCT), which is ameliorated by the PKC-b
inhibitor. Importantly, ruboxistaurin has no effect on MCT in non-
diabetic animals. Reproduced from Ishii et al.37
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confirming the important role of PKC-b in mediating
angiogenic responses in diabetic retinopathy.

Effects of PKC-b inhibition on leucocyte adhesion
Oral administration of ruboxistaurin reduces diabetes
induced leucocyte entrapment in the retinal microcircula-
tion.44

CLINICAL TRIALS OF PKC-b INHIBITION:
TRANSLATIONAL RESEARCH IN PRACTICE; FROM
‘‘PROOF OF CONCEPT’’ TO ‘‘HARD END POINT’’
STUDIES
Randomised controlled clinical trials (RCTs) in diabetic
retinopathy first began in the 1970s and 1980s, initially to
evaluate the effects of laser photocoagulation45 46 but more
recently to study the retinal protection conferred by medical
interventions on glucose and blood pressure control.47 48

These studies have helped define the natural history of
diabetic retinopathy, but at the same time highlighted the
wide intersubject and intrasubject variability in retinal
appearances and clinical progression. In particular, it is clear
that intersubject variability exists in the relation between
retinal appearances, however scored or assessed, and visual
outcome, even though new vessels and macular oedema
formation confer a serious threat to vision.

The clinical development of ruboxistaurin began with
phase I tolerability and pharmacokinetic studies in healthy
volunteers,49 50 followed by phase II efficacy studies in
patients with diabetes.51 In those with type 1 or type 2
diabetes and minimal or no evidence of diabetic retinopathy,
ruboxistaurin increased retinal blood flow in a dose
dependent manner, maximal after 32 mg daily for 1 month.51

Having confirmed the basic safety and tolerability of
ruboxistaurin, and demonstrated that it has pharmaco-
dynamic activity on retinal blood flow, large international
RCTs were initiated to evaluate the safety and efficacy of the
treatment in larger patient groups during longer term
administration (2–4 years). The PKC-Diabetic Retinopathy
Study (DRS) and the PKC-Diabetic Macular Edema (DME)
Study were international randomised, placebo controlled
trials designed to evaluate whether oral treatment with
ruboxistaurin will delay progression in patients with moder-
ate to severe non-proliferative diabetic retinopathy at base-
line, including progression from non-clinically significant to
clinically significant macular oedema (CSMO).52 Results for
approximately 1000 patients followed for an average of 36–
46 months should be announced soon.

Since there have been no previous drugs with similar
disease modifying potential in the eye, the design and
execution of a phase III clinical development programme
for ruboxistaurin in diabetic retinopathy raised a number of
challenges and uncertainties with regard to patient selection,
study design, and choice of trial end points. This review
considers some of the more general aspects of such a clinical
development programme, and discusses the desirable fea-
tures and potential difficulties for evaluating an oral agent in
this clinical setting. It is immediately clear that translational
research, in practice, is not entirely straightforward.

Is a PKC-b inhibitor likely to be introduced into clinical
practice as first l ine (mono) therapy or as add-on
therapy? How this decision impacts upon trial design
Although background medical therapy for glucose and blood
pressure reduction applies to nearly all patients with diabetic
retinopathy, in terms of primary therapies for the eye this
important question has an immediate impact on the design
of phase III clinical trials and licensing applications for a
new drug. In general, it is often prudent for safety reasons
to introduce new drug therapies of any sort as second line,

add-on treatments, at least initially, in which case clinical
trials of a PKC-b inhibitor should include (or at least not
exclude) patients receiving laser photocoagulation.
Furthermore, clinical trials should be deliberately prag-
matic—that is, randomising a wide range of patients to
active drug or placebo as add-on treatment to ‘‘usual care.’’
This has the added advantage for international studies
because it allows for regional differences in ‘‘usual care’’—
for example, differences in relation to choice of antidiabetic
or cardiovascular therapies and differences in criteria or
techniques for administering laser treatment. Including
patients who are receiving laser treatment has further
advantages, because only 50% of moderate visual loss from
macular oedema is prevented by photocoagulation ther-
apy.53 54 Thus, there is ample opportunity for drugs used as
add-on treatments to laser to improve visual outcome.

Of course, for understandable commercial reasons the
pharmaceutical industry tends to focus on achieving a licence
that supports a monotherapy, primary prevention indication,
instead of positioning the drug more conservatively, at least
initially, for use as add-on treatment in a targeted high risk
(but numerically smaller) subgroup of patients who may
have fewer life years of treatment opportunity remaining.

Limitations of clinical trials based on surrogate end
points
Historically, new medical treatments for a range of cardio-
vascular diseases were licensed by regulatory authorities both
in Europe and the United States based on phase III clinical
trials with surrogate end points. For example, it has
previously been sufficient to show that a drug lowers blood
pressure or cholesterol levels, rather than demonstrating that
the drug reduces the incidence of stroke or myocardial
infarction (MI). More recently, however, this approach has
been questioned, not least by healthcare providers who need
to assess the clinical and cost effectiveness of new technol-
ogies, and the pharmaceutical industry has responded by
designing and conducting multicentre trials with hard end
points—for example, mortality for cardiovascular interven-
tions.55 This experience has demonstrated that studies with
more robust and meaningful end points are clinically and
commercially feasible if powered and designed to recruit high
risk patients with a high incidence of end points despite best
‘‘usual care.’’ For such trials to accomplish their objectives
over a 2–5 year period, with realistically modest numbers of
participants, the entry criteria need to identify those patients
at highest risk of serious unwanted outcomes of the
disease—for example, fatal or non-fatal MI, but experience
over recent years has shown that trials of this kind are
perfectly feasible, albeit expensive to conduct.

In RCTs of diabetic retinopathy, grading of retinal
appearances has been incorporated either as primary or
secondary end points in several large multicentre studies.2

The reference standard for semiquantitative assessment of
diabetic retinopathy, based on the ETDRS protocol,56 involves
grading of seven 30˚stereoscopic images of the retina. Each
of seven standard fields are assessed for quality and then
compared with sets of standard photographs to derive a
measure of severity for each lesion. Some trials, however,
have adopted a simplified procedure—for example, four
stereo fields were used in the UKPDS study,46 and two 45˚
non-stereoscopic fields were used for the EURODIAB and
EUCLID studies.57 58 A score is then assigned to each eye,
ranging from 10 (no retinopathy) to 85 (advanced prolif-
erative retinopathy), and the grades for both eyes are
combined into a scale of steps.2 Progression of diabetic
retinopathy in the UKPDS was defined as a difference of at
least two steps on this scale, compared with baseline,
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whereas in the DCCT sustained progression of retinopathy
was defined as at least three steps worsening over baseline.

Thus, most RCTs after ETDRS have used surrogate end
points—for example, two or three step worsening or changes
in microaneurysm count, since the number of microaneur-
ysms has been shown to correlate with retinopathy progres-
sion.59 60 Few, if any, studies (apart from UKPDS) have
included hard end points such as blindness or doubling of the
visual angle, yet in individual patients there can be a variable
and inconsistent relation between ETDRS scores and visual
outcome.

Feasibili ty of hard end point trials with a PKC-b
inhibitor as add-on therapy to laser photocoagulation
in clinically significant macular oedema
Improving visual outcome is the unavoidable goal in clinical
management; progression of diabetic retinopathy and loss of
vision still occurs, all too often, despite optimal diabetes care
and timely use of laser photocoagulation, especially in
patients with macular oedema. In particular, decreased
peripheral and night vision often complicate laser treatment,
as well as alterations in colour perception. 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. A trial is urgently needed to evaluate
ruboxistaurin as add-on therapy to ‘‘usual care,’’ which
should include patients receiving laser photocoagulation for
clinically significant macular oedema, and it is essential that
the trial be simple and pragmatic with a primary end point of
stabilisation or improvement of visual acuity relative to
placebo.

The feasibility and desirability of conducting hard end
point trials (that is, visual outcome as the primary end point)
in diabetic retinopathy is sometimes questioned. Conducting
hard end point trials of primary prevention in a hetero-
geneous population of patients with moderate but non-sight
threatening diabetic retinopathy would be difficult, possibly
requiring several thousand participants and long term follow

up in order to achieve the required number of visual end
points to demonstrate a difference between active treatment
and placebo. In contrast, among patients with more advanced
disease and those most at risk of visual loss despite best
‘‘usual care,’’ such a trial is much more feasible (fig 5).

Recognising potential differences in treatment effects
on different pathophysiological components of
diabetic maculopathy
It is particularly important that studies should include
primary end points that are clearly defined. For instance,
diabetic retinopathy is ‘‘sight threatening’’ but reduced vision
may be due to a variety of causes—for example, new vessel
formation, which constitutes a future risk to visual acuity
and is therefore ‘‘sight threatening,’’ or diabetic maculopathy
which may be sight threatening if it comprises leaky exudates
close to the fovea but may actually be sight damaging or sight
losing if it is caused by macular thickening or macular
ischaemia. It is particularly important in the case of
maculopathy that these different entities are not lumped
together since the natural history and the risk of visual loss
for each macular pathology is different. The outcome
measure, CSMO, has been valuable in directing our attention
to the macula as a cause of visual loss, and while there was
only one treatment available for all forms of maculopathy it
was not necessary to separate out each pathological entity.
However, now that newer treatments are coming online for
the management of maculopathy, it is becoming evident that
some of these treatments may be beneficial for some types of
macular disease but not others—for example, for macular
oedema but not for parafoveal exudate control or macular
ischaemia. There is thus a need for better, objective
quantitative measurements of these pathologies. Automated
computer analysis for each discrete entity may be the way
forward but robust systems of analysis are awaited. In the
meantime, reliance on primary end point measures such as
visual acuity should form the basis of clinical trials, provided
it is still possible to undertake prespecified subgroup analyses
in the context of the different types of pathology at the
macula.

CONCLUSION
Hyperglycaemia induced de novo synthesis of DAG in
vascular cells leads to selective activation of PKC isozymes,
especially but not exclusively PKC-b, which in turn phos-
phorylates proteins involved in endothelial function (perme-
ability and vasodilator functions), smooth muscle cell growth
and contractility, and neovascularisation. Excessive PKC
activation therefore underlies the triad of microvascular
ischaemia, leakage, and angiogenesis in diabetic retinopathy.
Ruboxistaurin is an orally active, b specific PKC inhibitor
which seems to be well tolerated and normalises retinal blood
flow in diabetic patients with retinopathy. The design and
execution of larger phase III trials in this ground breaking
area raises complex and challenging difficulties. In particular,
trials should be pragmatic; PKC-b inhibition may be used as
add-on therapy; and the entry criteria should include easily
identifiable patients at high risk of sight threatening retinal
complications, and the primary end points for such trials
should include visual outcome. This implies that in future
clinical trials patients with clinically significant macular
oedema requiring laser photocoagulation should not be
excluded, since a significant proportion still experience
failing vision despite best usual care.
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