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Abstract. - Diabetic retinopathy (DR) is a mi-
crovascular complication of diabetes mellitus
and a major preventable cause of blindness.
Strict control of blood glucose, blood pressure,
and lipid profiles are the pivotal criteria to re-
duce the risk of developing DR. Although time-
ly intervention with laser photocoagulation ther-
apy could mitigate the progression of DR, it may
not significantly improve visual acuity. There-
fore, invasive surgical interventions such as vit-
rectomy are sometimes the only option to treat
or manage advanced stages of DR. However,
the risk of intra-ocular infections outweighs the
benefits of the surgery. Newer therapies such as
intraocular injection of anti-vascular endotheli-
al growth factor (VEGF) antibody and steroids
serve as a viable option for the treatment of DR.
However, several clinical studies that assessed
the long-term efficacy and safety of this thera-
py have yielded inconclusive results. Therefore,
there is an urgent need to develop potent and
safe drugs for the effective management of DR.
In this review, we discuss various plant-derived
small molecules (phytochemicals) that have
been investigated for retinal cytoprotective ef-
fects in pre-clinical and clinical studies. Further-
more, we highlight the caveats on using phyto-
chemicals for the management of DR.

Key Words:
Diabetes, Diabetic complications, Retinopathy, Phy-
tochemicals, Inflammation, Oxidative stress.

Abbreviations

8-OHdG, 8-hydroxy-2-deoxyguanosine; ACE, Angio-
tensin-converting enzyme; AGEs, Advanced glycation
end products; AR, Aldose reductase; BDNF, Brain-de-
rived neurotrophic factor; BRB, Blood retinal barrier;
Brn3a, A transcription factor specifically expressed in
cells of the developing mammalian nervous system;
DR, Diabetic retinopathy; eNOS, Endothelial NOS;
ERK, Extracellular signal-regulated kinases; FAK, Fo-

cal adhesion kinase; GABA, Gamma-aminobutyric ac-
id; GFAP, Glial fibrillary acidic protein; GLAST, Glu-
tamate transporters; GS, Glutamine synthetase; GSH,
Glutathione; HbA C, Glycosylated hemoglobin; HIF-
la, Hypoxia-inducible factor-la; ICAM-1, Intercellular
adhesion molecule-1; IL, Interleukin; iNOS, Inducible
NOS; MAPK, Mitogen-activated protein kinases; MDA,
Malondialdehyde; MMP, Matrix metalloproteinases;
MnSOD, Manganese superoxide dismutase; NF«xB, Nu-
clear factor kappa-light-chain-enhancer of activated B
cells; NGF, Nerve growth factor; NOS, Nitric oxide
synthase; NPDR, Non-proliferative diabetic retinopathy;
NR1, N-methyl-D:-aspartate receptor subunit 1; Ops,
Oscillatory potentials; PDR, Proliferative diabetic ret-
inopathy; RGC, Retinal ganglion cells; ROS, Reactive
oxygen species; RSA, Rat serum albumin; Thy-1, A sur-
face glycoprotein of the immunoglobulin superfamily;
specifically expressed in RGC; TNF-a,Tumor necrosis
factor-o; VEGF, Vascular endothelial growth factor;
WNIN, An inbred Wistar rat strain from National Insti-
tute of Nutrition Hyderabad, India.

Introduction

Diabetes mellitus has become a worldwide
epidemic with a major impact on morbidity and
mortality through the microvascular complica-
tions of blindness (retinopathy), end-stage renal
disease (nephropathy), nerve damage (neuropa-
thy) and lower extremity amputation (ischemic
vasculopathy/peripheral artery disease) and
macrovascular complications such as cardiovas-
cular disease and stroke'. Since these complica-
tions pose a major socio-economic burden, it is
crucial to understand the mechanisms of how
the disease progresses, to devise comprehensive
guidelines for early detection and management
of diabetes, and to prevent the onset of these
debilitating complications. Diabetic retinopathy
(DR) is one of the most common diabetic com-
plications, and is the leading cause globally of
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acquired blindness. Clinical and epidemiolog-
ical studies indicate that 5-7% of patients with
type-2 diabetes mellitus could develop DRZ.
Notwithstanding the improved health care and
increased lifespan of mankind, the epidemic
prevalence of obesity and diabetes, and the
occurrence of cardiovascular complications is
projected to rise at alarming rates?. Currently,
there are no approved pharmacological interven-
tions available to treat DR. Although surgical
intervention could impede visual loss, it may
also cause post-operative complications such
as endophthalmitis, and thus, is often not rec-
ommended in practice’. By understanding the
biochemical mechanisms underlying capillary
loss, the major process involved in DR, precise
pharmacological targets could be defined and
used in future treatment strategies®*.

Our knowledge about the pathological mech-
anisms underlying the development of DR is
constantly expanding with new inputs from ba-
sic and clinical research. Chronic hyperglycemia
and other risk factors such as hypertension and
hyperlipidemia are thought to initiate a myriad
of biochemical and physiological changes, which
ultimately promote microvascular damages and
retinal dysfunction. Several biochemical alter-
ations in the diabetic milieu culminate the loss
of retinal cells, and multiple abnormalities have
been proposed to explain how hyperglycemia
might cause the progression of retinopathy. For
example, increased retinal neural and endothelial
cells have been observed in an animal model
with some confirmatory observations in human
diabetes. Some of the pathways implicated in the
development of retinopathy are due to an aug-
mented polyol pathway, protein kinase C (PKC)
activation, accumulation of advanced glycation
end products (AGEs), oxidative stress, activation
of the hexosamine biosynthesis pathway, growth
factors and endocannabinoids synthesis®?.

The most striking features of DR are the
vascular abnormalities that are observed during
the fundus examination. The rate of retinal cell
loss occurs insidiously in uncontrolled diabetes,
and without a regenerative process, the sustained
cell loss results in catastrophic retinal tissue
damage'. To date, there are no diagnostic tools
available for the early detection of ongoing cell
death, which would aid in early clinical inter-
vention to prevent the progression of human DR.
Therefore, development of novel cytoprotective
agents that preserve the retinal neurovascular
cells against hyperglycemia and its deleterious
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effects is of paramount significance for the effi-
cient management of DR'’. Medicinal plants have
been used since ancient civilization for treating
various ailments. In addition, plants contain di-
verse chemical constituents (phytochemicals) and
they are being extensively investigated for their
therapeutic potentials against various diseases
affecting mankind!. In this review, we discuss
the phytochemicals that have been investigated
for their ability to ameliorate diabetes-induced
retinal tissue injury.

Phytochemicals Investigated for Retinal
tissue Cytoprotective Effects in Rodent
Models of DR

The chemical structures for phytochemicals
that were investigated for their ability to prevent
diabetes-induced retinal tissues injury are illus-
trated in Figure 1. Next, the summary of effects
observed when phytochemicals were adminis-
tered in various rodent models of DR is presented
in Table I.

Anthocyanins

Anthocyanins are a type of flavonoids'? and
they have been reported to possess several health
benefits"’. Anthocyanins isolated from Vaccinium
myrtillus mitigated diabetes-induced blood-ret-
inal barrier breakdown by suppressing vascular
endothelial growth factor (VEGF) production and
attenuated the loss of tight junction proteins such
as zonula occludens-1, occluding, and claudin-5".
Similarly, blueberry anthocyanins also inhibited
blood-retinal barrier breakdown by suppressing
oxidative stress via activation of the Nrf2/HO-1
antioxidant defense system and by down-regu-
lation of pro-inflammatory cytokine and VEGF
expression®,

Arctiin

Arctiin is a lignan extracted from the fruits
of Arctium lappa'® and are reported to improve
whole body metabolism in rodents'’. Recently,
it was demonstrated that subjecting diabetic an-
imals to treatment with arctiin significantly de-
creased retinal edema and retinal detachment,
which corresponded to diminished VEGF ex-
pression in the retina. Furthermore, arctiin was
shown to decrease high glucose-induced prolif-
eration of retinal microvascular endothelial cells
in vitro'. However, the precise molecular mech-
anisms underlying the beneficial effects of arcti-
in in preventing diabetes-induced retinal tissue
injury are unknown.
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Figure 1. Chemical structures of phytochemicals evaluated for their beneficial effects in thwarting diabetes-induced retinal tis-

sue injury.

Astaxanthin

Astaxanthin is the oxidized ketocarotenoid
form of B-carotene, a common pigment extract-
ed mainly from the crustacean family, such as
shrimp, crawfish, crabs, and lobsters'. Astax-
anthin has been shown to possess antioxidant
and anti-inflammatory properties and long-term
supplementation is associated with a reduced risk
for the development of cardiovascular diseases'”.

Astaxanthin was able to ameliorate diabetes-in-
duced retinal tissue injury via attenuation of ox-
idative stress and augmentation of anti-apoptotic
pathways®®. Furthermore, astaxanthin inhibited
hydrogen peroxide-induced cell death and im-
proved mitochondrial respiration in retinal gan-
glia cells exposed to high glucose. However,
the precise biochemical cascade for astaxanthin
cytoprotective is unknown.
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Reference

76
108
109

Retinal fundus photographs
Fluorescence fundus
angiography

Fundoscopic examination
8-isoprostane

Serum vitamin C

End point

Clinic-based, case-control study
placebo-controlled multicenter trial

Randomized, double-blind,
Case-control study

Study type

Sample
size
200

182

195

Minimal to severe NPDR, PDR

Non-proliferative diabetic

retinopathy (NPDR)
Type-2 diabetic patients

Clinical stage
with DR

Herbal extract
Chinese Green Tea
(Camellia sinensis)
Danshen-containing
Chinese herbal medicine
(Salvia miltiorrhiza)
Gnetum africanum and
Dacryodes edulis

Table Il. Human clinical studies for evaluating the efficacy of herbal extract supplementation against the development of DR.

Baicalein
Baicalein is a natural flavonoid isolated from
Scutellaria baicalensis, a commonly used tra-
o - o ditional Chinese herbal medicine*’ and reported
- = T - to elicit chemo-preventive actions®. In diabet-
= ic-rodents, baicalein treatment, ameliorated mi-
3 . E croglial activation and pro-inflammatory expres-
> 6 g"g sion?*. However, detailed mechanistic studies are
2 ° 5 ;_% warranted to understand the beneficial effects of
g8 % s z baicalein in diabetic milieu.
50z zEs=
e Sg El g Té Té 5 _Betalne 18 a zw1tfter10n1<; ql.laternar.y ammo-
§§ s 2 OE 3 Eé nium compound, widely distributed in several
marine invertebrates, plants, and animals. In
the liver, betaine plays a pivotal role in carbon
2 metabolism by serving as a methyl group donor
Z and detoxification of homocysteine**. Betaine
B =l attenuated diabetes-induced vascular endotheli-
e = al growth factor (VEGF) and hypoxia-inducible
g g factor (HIF-la) expression in retina. Paradox-
= = = ically, there was significant Akt activation ob-
2 £ z served in the diabetic retinal tissues, which was
£ = £ suppressed by betaine?. Therefore, additional
"§ 5 % studies are warranted to establish the precise
& E & molecular mechanism purported for betaine’s
beneficial role in preventing diabetes-induced
retinal tissue injury.
S g &
=) Cannabidiol (CBD)
(% CBD is the major non-psychotropic compo-
= & nent Cannabis sativa®® and possesses antide-
_q§ o = pressant and anxiolytic properties®’. Treatment
© = = of CBD to diabetic animals was shown to
%E % reduce oxidative stress, tumor necrosis fac-
g ;:’ g tor-alpha (TNF-a), vascular endothelial growth
2 S5 _S‘ factor (VEGF), and intercellular adhesion mol-
= z,i 8 3 ecule-1 (ICAM-1) expressions, and prevented
= gg = retinal cell death and vascular hyperperme-
= § é @ ability .in retinal tissues. Furthermorg retinal
% §§ 5 protective effects of CBD were att.rlbuted to
suppression of p38 MAP kinase in the di-
S g o abetic retina?®. In addition, CBD has been
ERS < demonstrated to ameliorate the development
35 20 of diabetic cardiomyopathy via mitigation of
= %E z oxidative stress, inflammation, and cell death
= é = £ pathways?*°. Recently, a pilot clinical trial in-
£ 5 § i volving subjects with type 2 diabetes mellitus
E g3 S indicated that CBD improved insulin sensi-
g § § :; tivity and decreased biomarkers for metabolic
Z '«S g S dysfunction®. Considering these findings, CBD
g S8 S has potential for future therapeutic utility to
combat diabetic vascular complications.
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Carotenoids

Dietary carotenoids provide health benefits by
decreasing the risk for the development of car-
diovascular diseases®?. In addition, owing to its
strong antioxidant properties, it is widely used
in nutraceuticals and cosmetic products®. Sevin
and Cuendet* reported on the use of carotenoids
to prevent capillary resistance in diabetes. There-
after, several studies™>’ reported on the role
of carotenoids in ameliorating DR. The dietary
carotenoid zeaxanthin was found to inhibit di-
abetes-induced retinal oxidative damage and to
prevent the elevation of VEGF and ICAM-I1 lev-
els®®. Lutein, another carotenoid, has been shown
to decrease oxidative stress and lipid peroxidation
(LPO) in diabetic retinal tissues®**. Further-
more, another carotenoid (lycopene) was reported
to decrease diabetes-induced oxidative stress in
retinal tissues®.

Chlorogenic Acid (CGA)

Chlorogenic acid (5-caffeoylquinic acid) is a
polyphenolic compound, present in coffee, tea,
apples, peaches, carrots, blueberries, tomatoes,
oilseeds, eggplants, prunes, and cherries*. Many
studies have linked CGA consumption to a wide
range of health benefits, including neuroprotec-
tion, cardioprotection, chemo preventions, an-
ti-inflammatory activity, blood pressure control,
decreased diet-induced insulin resistance, and
anxiolytic effects®. First, Shin et al* reported
that CGA was found to preserve tight junc-
tion proteins, and to suppress VEGF produc-
tion, resulting in the maintenance of blood—reti-
nal barrier integrity. In addition, CGA inhibited
VEGF-induced angiogenesis*, mitigated AGE
formation, and mitigated high-glucose induced
oxidative stress and inflammation in the diabetic
retinal tissues*®.

Curcumin

Curcumin is the sesquiterpene extracted from
Curcuma longa®. Curcumin has been shown
to possess antioxidant, anti-inflammatory, and
chemopreventive properties®*. Curcumin treat-
ment to diabetic animals was found to improve
antioxidant capacity, and inhibit diabetes-induced
elevation of IL-1B, VEGF, and NF-«kB activation
in retinal tissues’!. Furthermore, curcumin also
decreased pro-inflammatory cytokine expression
and prevented structural degeneration and avert-
ed capillary basement membrane thickening in
diabetic retinas®>%. In addition, curcumin inhib-
ited diabetes-induced apoptosis of Miiller cells,

prevented the down-regulation of glutamine syn-
thetase (GS), and decreased glial fibrillary acidic
protein (GFAP) in diabetic retina®.

Dammarenediol-Il

Dammarenediol-II is a triterpene extracted
from the popular medicinal plant Panax gin-
seng>. Dammarenediol-Il was found to inhib-
it VEGF-induced intracellular reactive oxygen
species (ROS) generation, stress fiber formation,
and vascular endothelial-cadherin disruption in
human umbilical vein endothelial cells (HU-
VECs), and prevented microvascular leakage in
the retina*®. However, the precise mechanism for
dammarenediol-II’s retinal protective effect in
the diabetic environment is not clear. Since HU-
VECs are derived from a macro vessel, they are
not considered an appropriate model system to
investigate the effect of hyperglycemia-induced
alterations in the retinal microvasculature.

Epigallocatechin-3-Gallate (EGCG)

EGCQG is a flavonoid found in variety of vege-
table foods and beverages, such as fruits, choco-
late, wine, tea, but mainly in green tea (Camellia
sinensis L.), accounting for more than 50% of
total green tea polyphenols®” and has great poten-
tial in cancer prevention®®. EGCG was shown to
decrease extracellular regulated kinase (ERK)1/2
and inhibit VEGF*%°,

Eriodictyol

Eriodictyol, is a flavonoid extracted from
North American plant Eriodictyon californicum
and from Chinese herb Dracocephalum rup-
estre and its glycoside, eriodictyol 7-O-rutino-
side, is present in lemon fruit®. Eriodictyol was
demonstrated to protect retinal endothelial cells
against high-glucose induced cell death and also
attenuated B-amyloid peptide-induced oxidative
stress-mediated cell death in retinal neurons®.
Furthermore, eriodictyol was found to inhibit the
production of TNF-a, ICAM-1, VEGF, and eNOS
in diabetic retinal tissues®.

Genistein

Genistein (4’5, 7-trihydroxyisoflavone) occurs
as a glycoside in Leguminosae family plants,
which includes the soybean (Glycine max)®.
Genistein was found to inhibit retinal vascular
leakage in experimentally induced diabetic rats®.
In addition, genistein combined with other poly-
saccharides improved the antioxidant status in di-
abetic retina®. Furthermore, genistein attenuated
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the release of TNF-a and inhibited ERK and p38
MAPK activation®””. In addition, genistein was
found to protect against gliopathy and vasculop-
athy of diabetic retinas by decreasing GFAP and
iNOS expression®®.

Hesperetin (HST)

Hesperetin, a flavanone glycoside (a subclass
of flavonoids), is found abundantly in citrus
fruits®’°. Kumar et al. have reported that HST
was found to inhibit the expression of VEGF
and PKC-f in diabetic retina’’. In addition, HST
treatment suppressed diabetes-induced caspase-3
activation, glial activation, aquaporin-4 (AQP4)
expression and retinal oxidative stress’.

Icariin

Icariin (an 8-prenyl derivative of kaempferol
3,7-O-diglucoside) is the most abundant constitu-
ent and chosen as the chemical marker for quality
control of Herba Epimedii in Chinese Pharma-
copeia and has extensive clinical indications,
especially for the treatment of sexual dysfunction
and osteoporosis’™. Icariin was demonstrated to
suppress the upregulation of rat endothelial cell
antigen-1 (RECA), VEGF, and retinal ganglion
cell-specific markers (Thy-1 and Brn3a) in the
diabetic retina™.

Isoflavones

Isoflavones belong to the “phytoestrogen”
class, mainly found in soybeans, and legumes™.
Isoflavones isolated from Caesalpinia pulcher-
rima were shown to reduce oxidative stress and
inhibit aldose reductase (AR) activity in the dia-
betic retinal tissues™.

Luteolin

Luteolin is a natural flavonoid isolated from
Platycodon grandiflorus which is widely used
in Asian traditional herbal medicine and also
found in dietary sources such as celery, broccoli,
green pepper, parsley, thyme, dandelion, perilla,
chamomile tea, carrots, olive oil, peppermint,
rosemary, navel oranges, and oregano’’. Luteolin
was shown to inhibit diabetes-induced elevation
of IL-1B, VEGF, and NF-kB expression in the
retina of diabetic rodents’.

Polyphenols

Polyphenols constitute the active substances
found in blackberries, red grapes, apricots, egg-
plants, and popular beverages, such as coffee,
cocoa, and green tea. Polyphenols modulate the
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activity of a wide range of enzymes and cell
receptors”. Polyphenols from finger millet (Ele-
usine coracana) were found to inhibit AR and to
prevent cataractogenesis®’. Polyphenols from red
wine were shown to reduce retinal oxidative and
nitrative stress®'. Polyphenols from green tea have
been shown to decrease glial fibrillary acidic
protein (GFAP) expression and oxidative stress in
the retina®?. In addition, polyphenols from cocoa
were also found to reduce oxidative stress, PARP
activation, and augmented SIRT1 activity in dia-
betic retinas®.

Puerarin

Puerarin (isoflavone-C-glucoside) is derived
from Pueraria lobata root. In traditional Chinese
medicine, it has been suggested to be useful in the
treatment of cardiovascular and cerebrovascular
diseases, diabetes mellitus and diabetic complica-
tions, osteonecrosis, Parkinson’s disease, Alzhei-
mer’s disease, endometriosis, and cancer®*. First,
Ren et al®* have reported that puerarin improved
the retinal microvascular rheology, and improved
microcirculation in retinal tissues. Furthermore,
puerarin was shown to down-regulate streptozo-
tocin (STZ) induced-VEGF and HIF-1a in exper-
imental DR*. In addition, puerarin decreased the
apoptosis of retinal pigment epithelium (RPE)
cells in diabetic rats by reducing peroxynitrite
levels and iNOS expression®’. Kim et al*® have
shown that, puerarin ameliorated retinal micro-
vascular dysfunction, by inhibiting AGE-induced
pericyte apoptosis by interfering with the NA-
DPH oxidase-related ROS generation pathways
and blocking NF-«kB activation.

Resveratrol (RVT)

Resveratrol (3, 4°, 5-trihydroxystilbene) is a
natural polyphenolic phytoalexin that is mainly
found in grapes and fruit berries® and reported
to be useful in the treatment of neurodegener-
ative diseases, diabetes and cardiac ailments®.
RVT was found to suppress diabetes-induced
oxidative stress, NF-kB activation, pro-inflam-
matory cytokines expression, and apoptosis in
the retinal tissues. Furthermore, RVT treatment
also prevented diabetes-induced neuronal cell
death, vascular hyperpermeability, and base-
ment membrane thickening. These effects were
in part attributed to the diminution of ACE and
MMP-9 expression and augmentation of eNOS.
In addition, RVT also improved the retinal
nerve function as assessed by electroretinogram
(ERG)*"5,
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Rutin

Rutin (3,30,40,5,7-pentahydroxyflavone-3-rham-
noglucoside) is a flavonoid found in many plants,
such as buckwheat, passion flower, apple, and tea®
and possesses multi- spectrum pharmacological
benefits for the treatment of various chronic diseas-
es such as cancer, diabetes mellitus, hypertension,
and hypercholesterolemia”. Several studies have re-
ported on the efficacy of rutin for eye diseases’ ™.
Ola et al. have shown that providing rutin treatment
to diabetic animals enhanced brain-derived neu-
rotrophic factor (BDNF) and nerve growth factor
(NGF), suppressed pro-apoptotic pathways, and

prevented neuronal apoptosis in retinal tissues''.

Sesamin

Sesamin, an antioxidant lignan, is obtained
from oilseed Sesamum indicum' and is synthe-
sized from shikimic acid via the phenylpropanoid
pathway, then metabolized to enterolignans,
which play a pivotal role in protection against
several hormone-related diseases'”. Sesamin was
found to inhibit the progression of diabetic retinal
injury by suppressing pro-inflammatory cytokine
expression and microglia activation. However,
the precise molecular mechanism is not evident
from this study'®.

Silybin

Silybin, a bioactive polyphenolic flavonoid ex-
tracted from milk thistle seeds (Silybum maria-
num), has been used as a traditional drug for over
2000 years to treat a range of liver diseases'™.
Silybin was found to prevent the obliteration of
retinal capillaries and retinal vascular leukostasis
via suppression of ICAM-1 expression'®.

Troxerutin (TX)

Troxerutin (Vitamin P4) is a flavonoid best
known for its radioprotective and antioxidant prop-
erties'®. Administration of TX to diabetic animals
was found to attenuate oxidative stress and VEGF
expression in the retina; however, detailed mech-
anistic studies were not performed and therefore
further confirmatory studies are warranted to as-
certain TX’s beneficial effects in the prevention of

diabetes-induced retinal tissue injury'?’.

Human Clinical Studies Undertaken to
Investigate the Beneficial Effects of
Phytochemical and or Herbal Extracts on
the Progression of Diabetic Retinopathy
The various herbal extracts and phytochem-
icals that were investigated for their ability to

thwart the development of DR are presented in
Table II. A randomized double-blind clinical
study assessed the efficacy of the Chinese herb-
al'®® extract Salvia miltiorrhiza in subjects with
non-proliferative DR (NPDR). Results suggest-
ed that Salvia miltiorrhiza treatment for 24
weeks prevented diabetes-induced alterations
in the retinal anatomy. In a central African co-
hort'”, it was demonstrated that supplementa-
tion of herbal extracts had profound antioxidant
augmenting effects in subjects with DR. How-
ever, the direct effect of herbal extract sup-
plementation on various clinical endpoints for
the amelioration of DR was not evident from
this study. Similarly, other clinical trials''"?
also reported that supplementation with herbal
extracts led to significantly positive outcomes
pertaining to the clinical end points evaluated
for progression of DR.

Limitations

Phytochemicals attenuated the development
of DR in pre-clinical studies via suppression
of oxidative stress, inflammation, and apoptosis
pathways (Figure 2). Invariably, all studies have
reported the apparent protective effects of phyto-
chemicals against diabetes-induced retinal tissue
injury in pre-clinical experiments and in human
clinical trials. However, the major impediment
to using phytochemicals for the management of
DR is the lack of significant bioavailability in hu-
man subjects!™!"® In fact, a recent clinical trial''®
revealed that RVT supplementation to subjects
with type 2 diabetes mellitus suppressed the met-
formin/insulin sensitizing action owing to drug-
drug interactions, and had no effect in improving
hepatic glucose disposition or peripheral insulin
sensitivity.

Conclusions

Before presenting phytochemicals as candi-
dates for future drug development against DR,
we should consider the potential drug-drug in-
teractions, which could curtail the therapeutic
action of these drugs. Although, clinical studies
have been undertaken to establish the efficacy
and safety of herbal extracts for the management
of DR, these studies were seldom replicated in
other locations. Also, the selectivity and spec-
ificity of phytochemical mode of actions and
their molecular drug targets in DR is yet to be
established, meaning that there is no surrogate
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Figure 2. Depiction of the pathways suggested for the development of DR and mitigated by phytochemicals. The red arrow in-
dicates the exaggerated oxidative stress, inflammation, and apoptotic pathways in DR, while the green arrow represents the at-

tenuation by phytochemicals.

marker available to assess the prognosis of DR.
Furthermore, the pathophysiology of DR is not
completely established and with the failure of
anti-VEGF based therapy for DR, it is appar-
ent that more basic clinical research is required.
This research should identify early biomarkers
for retinal tissue damage, and purported specific
molecular/biochemical alterations, and attempt
to use this information to develop new potent
drugs for the efficient management of DR.
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