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Abstract

Diabetic retinopathy (DR) is a serious complication of long-standing diabetes
mellitus. It affects about 25% of all patients with diabetes mellitus and causes
a significant decrease in the quality of life. Despite many years of research,
the exact pathway that leads to the development and progression of DR is
not clear. Recent studies suggest that polyunsaturated fatty acids (PUFAs)
and their metabolites could play a significant role in DR. There is evidence to
suggest that an imbalance between pro- and anti-inflammatory eicosanoids
and enhanced production of pro-angiogenic factors may initiate the onset and
progression of DR. This implies that PUFAs and their metabolites that possess
anti-inflammatory actions and suppress the production of angiogenic factors
could be employed in the prevention and management of DR.

Key words: vascular endothelial growth factor, hemorheology,
inflammation, brain-derived neurotrophic factor, diabetic retinopathy,
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Introduction

Diabetes retinopathy (DR), a major cause of visual impairment in
adults [1, 2], is estimated to affect approximately 19-50% depending
on the type of retinopathy and ethnicity of the patients [3, 4]. Though
the exact mechanism(s) that initiates and renders DR progression are
not clear, there is evidence to suggest that oxidative stress [5, 6], retinal
vascular endothelial dysfunction [7] and consequent increased vascular
permeability [8], enhanced expression of adhesion molecules [9, 10] and
increased production and action of pro-inflammatory cytokines play a sig-
nificant role [11, 12] suggesting that DR is a low-grade inflammatory con-
dition. Since the retina is rich in n-3 polyunsaturated fatty acids (PUFAs),
and their metabolites lipoxins, resolvins and protectins have anti-inflam-
matory actions, these molecules may have a role in DR.

Metabolism of essential fatty acids

Essential fatty acids (EFAs) n-3 a-linolenic acid (ALA) and n-6 linoleic
acid (LA) are widely distributed in our diet. It is believed that both n-3
and n-6 EFAs are metabolized by the same set of enzymes A® and A® de-
saturases and elongases into their long-chain metabolites, ALA to eicos-
apentaenoic and docosahexaenoic acids (eicosapentaenoic acid (EPA)
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and docosahexaenoic acid (DHA) respectively)
and LA to arachidonic acid (AA) (Figure 1) [13-15].
Both EFAs and their long-chain metabolites AA,
EPA and DHA are incorporated mainly into the
phospholipid (PL) fraction of the cell membrane. In
response to various stimuli including growth fac-
tors, cytokines and free radicals, phospholipase A,
(PLA)) is activated leading to the release of AA, EPA
and DHA, which are converted to their respective

eicosanoids. The AA, EPA and DHA are metabo-
lized by cyclo-oxygenases (COXs), lipoxygenases
(LOXs), and cytochrome P450 (CYP450) enzymes,
which results in the formation of several products
(Figure 2). The AA forms a precursor to pro-in-
flammatory prostaglandins and thromboxanes of
2 series and leukotrienes of 4 series (though not all
prostaglandins formed are pro-inflammatory. For
instance prostacyclin from AA and prostaglandin E,
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Figure 1. Scheme showing metabolism of essential fatty acids, their role in inflammation and factors that influence DR
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(PGE,) from DGLA have anti-inflammatory actions),
whereas EPA forms precursor to 3 series prosta-
glandins, thromboxanes and 5 series leukotrienes.
It is noteworthy that AA can also give rise to li-
poxins, which are potent anti-inflammatory mol-
ecules. Similarly, EPA gives rise to resolvins and
DHA to protectins, which possess significant an-
ti-inflammatory and wound healing properties and
show cytoprotective actions. Thus, AA, EPA and
DHA, under defined conditions, form specific an-
ti-inflammatory lipoxins, resolvins and protectins
respectively that protect various cells and tissues
against insults and augment recovery of the tar-
get tissues and organs to normal and reestablish
homeostasis. Since the retina and brain are rich in
AA, DHA and EPA (DHA > AA > EPA), it is reason-
able to assume that adequate amounts of lipoxins,
resolvins and protectins are formed under normal
physiological conditions to protect the retina and
other neuronal cells from various insults and dis-
eases [13-15]. This evidence indicates that PUFAs
are not only biologically active by themselves but
are also capable of giving rise to several biological-
ly active metabolites that play an important role in
physiological and pathological processes.

Inflammation plays a role in diabetic
retinopathy

There is reasonable evidence to suggest that
DR is an inflammatory condition. But, unlike the
classical inflammatory signs such as pain (dolor),
heat (calor), redness (rubor), swelling (tumor), and
loss of function (functiolaesa) [16], the inflam-
matory signs in DR are more at the microscopic

level. The features of inflammation seen in DR
include vessel dilatation, altered flow, exudation
of fluids including plasma proteins, and leuco-
cyte accumulation and migration [17]. These local
microscopic signs of inflammation in DR are due
to increased production of tumor necrosis fac-
tor-a. (TNF-a), vascular endothelial growth factor
(VEGF), prostaglandins (PGs), enhanced expres-
sion of intercellular adhesion molecule-1 (ICAM-1)
on the vasculature, B2 integrins on the leucocytes,
and vascular cell adhesion molecule-1 (VCAM-1)
and VLA-4 (very late antigen-4, also called integ-
rin a4pl) [11, 12, 18-20]. These events enhance
leukocyte adherence and accumulation within the
vasculature of the retina [21], which may precede
the occurrence of DR. The leukocyte adherence
and migration lead to vascular dysfunction as
aresult of increased production of reactive oxygen
species (ROS) and lipid peroxidation that occurs
locally, which results in a subtle breakdown of the
blood-retinal barrier, premature endothelial cell
injury and death, and capillary ischaemia/reperfu-
sion [22]. This evidence is supported by the obser-
vation that in diabetic rats treated with ICAM-1
or b2 integrin neutralizing antibodies, leucocyte
adhesion is suppressed [18, 19], blood-retinal bar-
rier breakdown is normalized [18] and endotheli-
al cell injury and death are prevented [22]; mice
deficient in the ICAM-1 or B2 integrin gene CD18
when made diabetic have near normal retinal vas-
culature [23]; patients with rheumatoid arthritis
receiving high doses of aspirin tended to have less
severe diabetic retinopathy [24]; and aspirin pre-
vented histopathological features of DR [16].
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A direct correlation between retinal VEGF ex-
pression and diabetic blood-retinal barrier break-
down [25-27] and ischemia-related neovascular-
ization [28] has been reported. It is also known
that anti-VEGF treatments are of benefit in DR
[29, 30]. VEGF is known to have pro-inflamma-
tory actions [31, 32]. Furthermore, high glucose
stimulates increased VEGF production [33, 34],
suggesting that onset of diabetes is sufficient to
trigger the initiation and progression of DR and
implying that strict maintenance of normoglyce-
mia is of paramount importance to prevent DR.
Thus, strategies developed to prevent increase
in the production of TNF-a, ICAM-1, VCAM, and
VEGF and prevent leukocyte activation could be
of benefit in preventing or arresting the progres-
sion of DR. In this context, the role of PUFAs and
their anti-inflammatory metabolites in DR needs
particular attention.

Vascular endothelial growth factor in diabetic
retinopathy

Several studies have suggested that VEGF
is the main factor of neovascularization in DR,
though there could be a role for other yet to be
identified growth factors. The VEGF is a potent en-
dothelial-specific mitogen. A direct correlation be-
tween vitreal VEGF levels and severity of macular
edema and retinopathy [28, 35] has been report-
ed. Hyperglycemia is a potent stimulator of VEGF
secretion [33, 34]. The VEGF inhibits the apoptosis
of endothelial cells [36, 37] that leads to the gen-
eration of immature vascular structures that are
fragile and hence bleed easily, which favors ret-
inal detachment and consequent blindness. The
role of VEGF in DR is supported by the observation
that anti-VEGF therapies are able to arrest or slow
the progress of DR [29, 30], though they are not
always effective.

Several options to manage DR at present in-
clude: topical and systemic steroids, topical and
oral non-steroidal anti-inflammatory agents, laser
photocoagulation treatment, immunomodulators,
intravitreal injection of triamcinolone, and pars
plana vitrectomy [38]. In this context, it is interest-
ing to note that the Action to Control Cardiovas-
cular Risk in Diabetes (ACCORD) trial showed that
(the ACCORD-EYE substudy) use of fenofibrate
was associated with a significant reduction in the
risk of progression of DR. These results are in sup-
port of the results of the previous Fenofibrate In-
tervention and Event Lowering in Diabetes (FIELD)
study, in which type 2 diabetes patients who were
randomized to receive fenofibrate benefitted from
a significantly lower incidence of laser treatment
for retinopathy, progression of retinopathy or
a composite measure of retinopathy outcomes.
Thus, these two studies, ACCORD-EYE and FIELD,

revealed that there is a place for fenofibrate for
the prevention of retinopathy alongside intensive
management of traditional risk factors, such as
hyperglycemia and high blood pressure [38].

Despite these treatment options, DR tends to
progress, causes considerable vision loss and mor-
bidity, and affects quality of life. In view of this,
development of newer therapeutic strategies is
certainly needed.

Polyunsaturated fatty acids and their
products in diabetic retinopathy

It is evident from the preceding discussion that
methods designed to suppress pro-inflammatory
IL-6, TNF-a, ICAM-1 and VCAM expression, inhib-
it VEGF production and protect retinal vascular
endothelial cells and retinal neuronal cells could
be of benefit in the prevention, arrest and/or pro-
gression of DR.

Several studies have shown that PUFAs, espe-
cially EPA and DHA, inhibit the production of both
IL-6 and TNF-a and suppress the expression of
ICAM-1 and VCAM [39, 40]. It was reported that
these PUFAs suppress VEGF production [41, 42].
In mice, it was reported that hyperoxia-induced
premature retinopathy can be inhibited by the n-3
PUFAs EPA and DHA but not by n-6 PUFAs [43]. It
was noted that suppression of VEGF production
and neoangiogenesis and retinopathy could be
correlated with increased formation of resolvins
from EPA and DHA, emphasizing the beneficial
action of n-3 PUFAs in the prevention and/or ar-
rest of DR and similar conditions [44—46]. Our own
study [47] revealed that both LA and AA inhibit
high-glucose-induced retinal vascular endothelial
damage. In an extension of this study, we noted
that ALA, the precursor of EPA and DHA, sup-
pressed high-glucose-induced VEGF secretion in
streptozotocin-induced diabetic animals [48], im-
plying that pathological VEGF secretion is inhibit-
ed by ALA, similar to EPA and DHA [41, 42]. In this
study [48], we also observed a decrease in plasma
brain-derived neurotrophic factor (BDNF) and an
increase in IL-6 and VEGF levels in alloxan-induced
diabetic rats that was inhibited by ALA treatment.
This evidence supports the contention that n-3
PUFAs and their products are of benefit in DR-as-
sociated events. Since PUFAs form an important
constituent of cell membranes and thus regulate
cell membrane fluidity, the ability of these fatty
acids to regulate cell membrane fluidity could be
yet another mechanism by which they are of ben-
efit in DR, partly by regulating hemorheology [49,
50]. In this context, it is interesting to note that
PUFAs augment the production of BDNF, a neuro-
trophic factor that is needed for the survival of
retinal neuronal cells [51, 52]. This could be yet
another mechanism by which PUFAs protect reti-
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nal neuronal cells from undergoing degeneration
due to DR.

In conclusion, it is evident from the preceding
discussion that DR is an inflammatory condition,
as evidenced by enhanced levels of IL-6, TNF-q,
and VEGF in the plasma and vitreal fluid, increased
expression of ICAM-1 and VCAM and leukostasis
and enhanced generation of ROS by infiltrating leu-
kocytes (leukocytes infiltrating the retinal vascular
endothelial cells) and decreased anti-oxidants. The
involvement of the inflammatory pathway in DR is
especially interesting in the light of the observa-
tion that obesity, hypertension, hyperlipidemias,
and insulin resistance are also low-grade systemic
inflammatory conditions [53-67]. This implies that
changes similar to those seen in DR could be seen
in hypertension (such as hypertensive retinopathy)
and DR events could be exacerbated when dia-
betes is associated with obesity, hyperlipidemias,
hypertension and other features of metabolic syn-
drome. This may also explain why obesity, hyper-
tension and type 2 diabetes occur together, since
all are inflammatory conditions [54-72], and the
basic pathophysiology seems to be similar if not
identical. This also raises the important question
whether DR and similar retinal changes are likely
to occur in other inflammatory conditions such as
rheumatoid arthritis, lupus, and scleroderma [70—
72]. Since alterations in essential fatty acid metab-
olism and eicosanoids are not uncommon in these
inflammatory conditions [53, 60, 63, 73, 74], it may
explain the relationship(s) that exists in these dis-
eases in the form of coexistence, occurring in the
same subject and similar retinal and other ocular
manifestations. In view of this, it is imperative that
careful examination of the retina and other ocular
structures is called for in all these diseases despite
the fact that outwardly there are not complaints or
manifestations.

Though anti-VEGF therapies are reasonably
beneficial in DR, many patients still do not re-
spond adequately. This calls for additional stud-
ies and strategies to suppress local inflammation
seen in DR in order to prevent, postpone and/or
arrest DR. The retina is rich in n-3 PUFAs, suggest-
ing that these fatty acids and their products play
a significant role in the structural and functional
integrity of retina. This implies that alterations in
the levels and metabolism of PUFAs could trigger
initiation and progression of DR and other related
retinal diseases and associated angiogenic pro-
cesses. Several studies have shown a decrease
in the plasma levels of AA, EPA and DHA in both
type 1 and type 2 diabetes mellitus, decrease in
the anti-oxidants and concomitant increase in
pro-inflammatory molecules [53-63],and our own
studies and those of others [53, 75-79] revealed
that PUFAs and various prostaglandins do mod-
ulate the occurrence of both type 1 and type 2

Potential role of polyunsaturated fatty acids in diabetic retinopathy

diabetes mellitus, suggesting that there is a close
association among various PUFAs and their prod-
ucts and diabetes mellitus. It is noteworthy that
IL-6, TNF-a, VEGF and other growth factors acti-
vate phospholipase A2, resulting in the release of
PUFAs from the cell membrane lipid pool of cells
[80-83]. The released PUFAs, especially n-3 PUFAs,
suppress the production of IL-6, TNF-a. and VEGF
and inhibit activation of leukocytes [45, 46, 53,
63, 74]. These results can be interpreted to mean
that one purpose of activation of PLA2 and release
of PUFAs is to suppress inappropriate production
of IL-6, TNF-a,, VEGF and adhesion molecules and
free radical generation by leukocytes. Thus, there
appears to be negative feedback regulation exert-
ed by PUFAs on pro-inflammatory molecules. Since
DR is a pro-inflammatory condition, it is logical to
suggest that PUFAs and their products could have
a role in DR. The observation that PUFAs and their
anti-inflammatory products such as lipoxins, re-
solvins and protectins suppress IL-6, TNF-a, VEGF
and ROS production lends support to such a sug-
gestion [45, 46]. The ability of PUFAs, lipoxins, re-
solvins and protectins to suppress IL-6, TNF-a and
VEGF production and suppress free radical gener-
ation and restore anti-oxidant homeostasis both
in vitro and in vivo is in line with such a concept
[14, 46]. In view of this, it is imperative that in-
depth studies are performed in future to delineate
the role of PUFAs and their metabolites in DR and
other retinopathies and exploit the knowledge
gained to develop suitable therapeutic strategies.
It is noteworthy that AA, EPA and DHA are also
metabolized by cytochrome P450 enzymes to
form various respective epoxyeicosatrienoic acids
(EETs) that have potent anti-inflammatory actions
[84, 85] (Figure 2). The possible role of these EETs
and hydroxyeicosatetraenoic acids (HETEs) in DR
also needs to be studied.

Future perspectives

Based on the preceding discussion, we suggest
that it is essential to measure plasma and vitreal
levels of PUFAs and their products and correlate
the same to various stages of DR, response to
therapy and progression of disease. Results of
such studies may give clues as to when lipoxins
and similar bioactive lipids could be used for the
prevention and management of DR, either by
themselves or their synthetic analogues could be
exploited for this purpose.

References

1. Wu L, Fernandez-Loaiza B Sauma J, Hernandez-Bogan-
tes E, Masis M. Classification of diabetic retinopa-
thy and diabetic macular edema. World ) Diabetes 2013;
4:290-4.

Arch Med Sci 6, December / 2014

1171



Junhui Shen, Yan-Long Bi, Undurti N. Das

2.

w

i

10.

11.

12.

13.

14.

15.

16.

17.

18.

Aiello LP; DCCT/EDIC Research Group. Diabetic retinop-
athy and other ocular findings in the diabetes control
and complications trial/epidemiology of diabetes inter-
ventions and complications study. Diabetes Care 2014;
37:17-23.

. Papali’i-Curtin AT, Dalziel DM. Prevalence of diabetic ret-

inopathy and maculopathy in Northland, New Zealand:
2011-2012. N Z Med J 2013; 126: 20-8.

. Zander E, Herfurth S, Bohl B, et al. Maculopathy in pa-

tients with diabetes mellitus type 1 and type 2: associa-
tions with risk factors. Br ) Ophthalmol 2000; 84: 871-6.

. Bansal S, Chawla D, Siddarth M, Banerjee BD, Madhu SV,

Tripathi AK. A study on serum advanced glycation end
products and its association with oxidative stress and
paraoxonase activity in type 2 diabetic patients with
vascular complications. Clin Biochem 2013; 46: 109-14.

. Mandal LK, Choudhuri S, Dutta D, et al. Oxidative

stress-associated neuroretinal dysfunction and nitrosa-
tive stress in diabetic retinopathy. Can J Diabetes 2013;
37:401-7.

. Hein TW, Potts LB, Xu W, Yuen JZ, Kuo L. Temporal de-

velopment of retinal arteriolar endothelial dysfunc-
tion in porcine type 1 diabetes. Invest Ophthalmol Vis
Sci 2012; 53: 7943-9.

. Othman A, Ahmad S, Megyerdi S, et al. 12/15-Lipoxy-

genase-derived lipid metabolites induce retinal endo-
thelial cell barrier dysfunction: contribution of NADPH
oxidase. PLoS One 2013; 8: e57254.

. Noda K, Nakao S, Ishida S, Ishibashi T. Leukocyte ad-

hesion molecules in diabetic retinopathy. J Ophthal-
mol 2012; 2012: 279037.

Gustavsson C, Agardh CD, Zetterqvist AV, Nilsson J,
Agardh E, Gomez MF. Vascular cellular adhesion mole-
cule-1 (VCAM-1) expression in mice retinal vessels is af-
fected by both hyperglycemia and hyperlipidemia. PLoS
One 2010; 5: €12699.

Mysliwiec M, Balcerska A, Zorena K, Mysliwska J, Li-
powski B Raczynska K. The role of vascular endothelial
growth factor, tumor necrosis factor alpha and interleu-
kin-6 in pathogenesis of diabetic retinopathy. Diabetes
Res Clin Pract 2008; 79: 141-6.

Hernandez C, Segura RM, Fonollosa A, Carrasco E, Fran-
cisco G, Simé R. Interleukin-8, monocyte chemoat-
tractant protein-1 and IL-10 in the vitreous fluid of
patients with proliferative diabetic retinopathy. Diabet
Med 2005; 22: 719-22.

Das UN. Lipoxins, resolvins, protectins, maresins and
nitrolipids and their clinical implications with specific
reference to cancer: Part I. Clin Lipidol 2013; 8: 437-63.
Das UN. Lipoxins, resolvins, protectins, maresins and ni-
trolipids and their clinical implications with specific ref-
erence to diabetes mellitus and other diseases: Part II.
Clin Lipidol 2013; 8: 465-80.

Das UN. Essential fatty acids and their metabolites
could function as endogenous HMG-CoA reductase and
ACE enzyme inhibitors, anti-arrhythmic, anti-hyperten-
sive, anti-atherosclerotic, anti-inflammatory, cytopro-
tective, and cardioprotective molecules. Lipids Health
Dis 2008; 7: 37.

Kern TS, Engerman RL Pharmacological inhibition of di-
abetic retinopathy: aminoguanidine and aspirin. Diabe-
tes 2001; 50: 1636-42.

Adamis AP. Is diabetic retinopathy an inflammatory dis-
ease? Br ) Ophthalmol 2002; 86: 363-5.

Miyamoto K, Khosrof S, Bursell SE, et al. Prevention of
leukostasis and vascular leakage in streptozotocin-in-
duced diabetic retinopathy via intercellular adhesion

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

molecule-1 inhibition. Proc Natl Acad Sci USA 1999; 96:
10836-41.

Canas-Barouch F, Miyamoto K, Allport JR, et al. Integ-
rin-mediated neutrophil adhesion and retinal leukosta-
sis in diabetes. Invest Ophthalmol Vis Sci 2000; 41:
1153-8.

Schoenberger SD, Kim SJ, Sheng J, Rezaei KA, Laleza-
ry M, Cherney E. Increased prostaglandin E2 (PGE2) lev-
els in proliferative diabetic retinopathy, and correlation
with VEGF and inflammatory cytokines. Invest Ophthal-
mol Vis Sci 2012; 53: 5906-11.

Miyamoto K, Hiroshiba N, Tsujikawa A, Ogura Y. In vivo
demonstration of increased leukocyte entrapment in
retinal microcirculation of diabetic rats. Invest Ophthal-
mol Vis Sci 1998; 39: 2190-4.

Joussen AM, Murata T, Tsujikawa A, Kirchhof B, Bur-
sell SE, Adamis AP. Leukocyte-mediated endothelial
cell injury and death in the diabetic retina. Am J Pathol
2001; 158: 147-52.

Joussen AM, Poulaki V, Le ML, et al. A central role for in-
flammation in the pathogenesis of diabetic retinopathy.
FASEB ) 2004; 18: 1450-2.

Powell EDU, Field RA. Diabetic retinopathy in rheuma-
toid arthritis. Lancet 1964; 2: 17-8.

Murata T, Nakagawa K, Khalil A, Ishibashi T, Inomata H,
Sueishi K. The relation between expression of vascu-
lar endothelial growth factor and breakdown of the
blood-retinal barrier in diabetic rat retinas. Lab In-
vest 1996; 74: 819-25.

Ozaki H, Hayashi H, Vinores SA, Moromizato Y, Cam-
pochiaro PA, Oshima K. Intravitreal sustained release
of VEGF causes retinal neovascularization in rabbits and
breakdown of the blood-retinal barrier in rabbits and
primates. Exp Eye Res 1997; 64: 505-17.

Xu X, Zhu Q, Xia X, Zhang S, Gu Q, Luo D. Blood-retinal
barrier breakdown induced by activation of protein ki-
nase C via vascular endothelial growth factor in strep-
tozotocin-induced diabetic rats. Curr Eye Res 2004; 28:
251-6.

Bai Y, Ma JX, Guo J, et al. Miiller cell-derived VEGF is
a significant contributor to retinal neovascularization.
J Pathol 2009; 219: 446-54.

Waisbourd M, Goldstein M, Loewenstein A. Treatment
of diabetic retinopathy with anti-VEGF drugs. Acta Oph-
thalmol 2011; 89: 203-7.

Schlingemann RO, Witmer AN. Treatment of retinal dis-
eases with VEGF antagonists. Prog Brain Res 2009; 175:
253-67.

Lee CG, Link H, Baluk P et al. Vascular endothelial
growth factor (VEGF) induces remodeling and enhanc-
es Th2-mediated sensitization and inflammation in the
lung. Nat Med 2004; 10: 1095-103.

Koczy-Baron E, Kasperska-Zajac A. The role of vascular
endothelial growth factor in inflammatory processes.
Postepy Hig Med Dosw 2014; 68: 57-65.

Tsai CH, Chiang YC, Chen HT, Huang PH, Hsu HC, Tang CH.
High glucose induces vascular endothelial growth fac-
tor production in human synovial fibroblasts through
reactive oxygen species generation. Biochim Biophys
Acta 2013; 1830: 2649-58.

Akirav EM, Baquero MT, Opare-Addo LW, et al. Glu-
cose and inflammation control islet vascular density
and beta-cell function in NOD mice: control of islet vas-
culature and vascular endothelial growth factor by glu-
cose. Diabetes 2011; 60: 876-83.

Selim KM, Sahan D, Muhittin T, Osman C, Mustafa O.
Increased levels of vascular endothelial growth factor in

1172

Arch Med Sci 6, December / 2014



36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

the aqueous humor of patients with diabetic retinopa-
thy. Indian J Ophthalmol 2010; 58: 375-9.

Gupta K, Kshirsagar S, Li W, et al. VEGF prevents apopto-
sis of human microvascular endothelial cells via oppos-
ing effects on MAPK/ERK and SAPK/JNK signaling. Exp
Cell Res 1999; 247: 495-504.

Alon T, Hemo |, Itin A, Pe’er J, Stone J, Keshet E. Vascu-
lar endothelial growth factor acts as a survival factor for
newly formed retinal vessels and has implications for
retinopathy of prematurity. Nat Med 1995; 1: 1024-8.
Simé R, Hernandez C. Prevention and treatment of di-
abetic retinopathy: evidence from large, randomized
trials. The emerging role of fenofibrate. Rev Recent Clin
Trials 2012; 7: 71-80.

Meng H, Shen Y, Shen J, Zhou F, Shen S, Das UN. Effect
of n-3 and n-6 unsaturated fatty acids on prostate can-
cer (PC-3) and prostate epithelial (RWPE-1) cells in vitro.
Lipids Health Dis 2013; 12: 160.

Mohan IK, Das UN. Oxidant stress, anti-oxidants and es-
sential fatty acids in systemic lupus erythematosus. Pros-
taglandins Leukot Essent Fatty Acids 1997; 56: 193-8.
Zhuang W, Wang G, Li L, Lin G, Deng Z. Omega-3 poly-
unsaturated fatty acids reduce vascular endothelial
growth factor production and suppress endothelial
wound repair. J Cardiovasc Trans| Res 2013; 6: 287-93.
Calviello G, Di Nicuolo F Gragnoli S, et al. n-3 PUFAs
reduce VEGF expression in human colon cancer cells
modulating the COX-2/PGE2 induced ERK-1 and -2 and
HIF-1alpha induction pathway. Carcinogenesis 2004;
25:2303-10.

Tikhonenko M, Lydic TA, Opreanu M, et al. N-3 polyun-
saturated fatty acids prevent diabetic retinopathy by
inhibition of retinal vascular damage and enhanced
endothelial progenitor cell reparative function. PLoS
One 2013; 8: e55177.

Connor KM, SanGiovanni JB Lofqvist C, et al. Increased
dietary intake of in-3 polyunsaturated fatty acids reduc-
es pathological retinal angiogenesis. Nat Med 2007; 7:
868-73.

Ma Q, Shen JH, Shen SR, Das UN. Bioactive lipids in
pathological retinopathy. Crit Rev Food Sci Nutr 2014;
54: 1-16.

Das UN. Lipoxins, resolvins, and protectins in the pre-
vention and treatment of diabetic macular edema
and retinopathy. Nutrition 2013; 29: 1-7.

Shen J, Shen S, Das UN. Effect of essential fatty acids
on glucose-induced cytotoxicity to retinal vascular en-
dothelial cells. Lipid Health Dis 2012; 11: 90.

Shen J, Ma Q, Shen S, Xu GT, Das UN. Effect of a-linolenic
acid on Streptozotocin-induced diabetic retinopathy in-
dices in vivo. Arch Med Sci 2013; 44: 514-20.

Larson MK, Tormoen GW, Weaver LJ, et al. Exogenous
modification of platelet membranes with the ome-
ga-3 fatty acids EPA and DHA reduces platelet procoag-
ulant activity and thrombus formation. Am J Physiol Cell
Physiol 2013; 304: C273-9.

Bright JM, Sullivan PS, Melton SL, Schneider JF;, McDon-
ald TP. The effects of n-3 fatty acid supplementation
on bleeding time, plasma fatty acid composition, and in
vitro platelet aggregation in cats. ) Vet Intern Med 1994;
8:247-52.

Wu A, Ying Z, Gomez-Pinilla F. Dietary omega-3 fatty
acids normalize BDNF levels, reduce oxidative damage,
and counteract learning disability after traumatic brain
injury in rats. ) Neurotrauma 2004; 21: 1457-67.

Das UN. Autism as a disorder of deficiency of brain-
derived neurotrophic factor and altered metabolism

Potential role of polyunsaturated fatty acids in diabetic retinopathy

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

of polyunsaturated fatty acids. Nutrition 2013; 29:
1175-85.

Das UN. Arachidonic acid and lipoxin A4 as possible an-
ti-diabetic molecules. Prostaglandins Leukot Essen Fatty
Acids 2013; 88: 201-10.

Das UN. Is obesity an inflammatory condition? Nutrition
2001; 17: 953-66.

Das UN. Obesity, metabolic syndrome X, and inflamma-
tion. Nutrition 2002; 18: 430-2.

Ramos EJB, Xu Y, Romanova |, et al. Meguid MM. Is
obesity an inflammatory disease? Surgery 2003; 134:
329-35.

Das UN. Obesity: genes, brain, gut and environment.
Nutrition 2010; 26: 459-73.

Das UN. Renal sympathetic denervation for resistant hy-
pertension — an alternate view. Med Hypotheses 2013;
81:1135-6.

Vijay Kumar K, Das UN. Are free radicals involved in the
pathobiology of human essential hypertension? Free
Rad Res Commun 1993; 19: 59-66.

Das UN, Vijay Kumar K, Krishna Mohan |. Lipid peroxides
and essential fatty acids in patients with diabetes mel-
litus and diabetic nephropathy. J Nutritional Med 1994;
4: 149-55.

Das UN. Essential fatty acid metabolism in patients with
essential hypertension, diabetes mellitus and coronary
heart disease. Prostaglandins Leukotrienes Essential
Fatty Acids 1995; 52: 387-91.

Das UN. Hypertension as a low-grade systemic inflam-
matory condition that has its origins in the perinatal
period. J Assoc Physicians India 2006; 54: 133-42.

Das UN. Metabolic syndrome pathophysiology: the
role of essential fatty acids and their metabolites. Wi-
ley-Blackwell Publishers, Ames, IA, USA, 2010.

Das UN. Obesity, metabolic syndrome X, and inflamma-
tion. Nutrition 2002; 18: 430-2.

Das UN. Is metabolic syndrome X an inflammatory con-
dition? Exp Biol Med 2002; 227: 989-97.

Das UN. Metabolic syndrome X: an inflammatory condi-
tion? Current Hypertension Reports 2004; 6: 66-73.
Das UN. Is metabolic syndrome X a disorder of the brain
with the initiation of low-grade systemic inflammato-
ry events during the perinatal period? J Nutr Biochem
2007; 18: 701-13.

Stepieni M, Stepien A, WlazetRN, ParadowskiM, Banach M,
Rysz J. Obesity indices and inflammatory markers in
obese non-diabetic normo- and hypertensive patients:
a comparative pilot study. Lipids Health Dis 2014; 13: 29.
Stepien M, Wlazet RN, Paradowski M, et al. Serum con-
centrations of adiponectin, leptin, resistin, ghrelin and
insulin and their association with obesity indices in
obese normo- and hypertensive patients — pilot study.
Arch Med Sci 2012; 8: 431-6.

Waszczykowska A, Gos R, Waszczykowska E, Dziankow-
ska-Bartkowiak B, Jurowski P. Prevalence of ocular man-
ifestations in systemic sclerosis patients. Arch Med Sci
2013; 9: 1107-13.

Tryniszewski W, Kusmierczyk J, Maziarz Z, et al. Correla-
tion of the severity of diabetic retinopathy and the heart
muscle perfusion in patients with type 2 diabetes. J Dia-
betes Complications 2011; 25: 253-7.

Rysz J, Banach M, Stolarek RA, et al. Serum matrix
metalloproteinases MMP-2 and MMP-9 and metallopro-
teinase tissue inhibitors TIMP-1 and TIMP-2 in diabetic
nephropathy. J Nephrol 2007; 20: 444-52.

Cicero AF Reggi A, Parini A, Borghi C. Application of
polyunsaturated fatty acids in internal medicine: be-

Arch Med Sci 6, December / 2014

1173



Junhui Shen, Yan-Long Bi, Undurti N. Das

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

yond the established cardiovascular effects. Arch Med
Sci 2012; 8: 784-93.

Das UN. Molecular basis of health and disease. Springer,
New York, 2011.

Krishna Mohan I, Das UN. Prevention of chemically-in-
duced diabetes mellitus in experimental animals by
polyunsaturated fatty acids. Nutrition 2001; 17: 126-51.
Suresh Y, Das UN. Protective action of arachidonic acid
against alloxan-induced cytotoxicity and diabetes mel-
litus. Prostaglandins Leukotrienes Essential Fatty Acids
2001; 64: 37-52.

Suresh Y, Das UN. Long-chain polyunsaturated fatty ac-
ids and chemically-induced diabetes mellitus: effect of
omega-6 fatty acids. Nutrition 2003; 19: 93-114.
Suresh Y, Das UN. Long-chain polyunsaturated fatty ac-
ids and chemically-induced diabetes mellitus: effect of
omega-3 fatty acids. Nutrition 2003; 19: 213-28.

Liu HQ, Qiu Y, Mu Y, et al. A high ratio of dietary n-3/
n-6 polyunsaturated fatty acids improves obesity-linked
inflammation and insulin resistance through suppress-
ing activation of TLR4 in SD rats. Nutr Res 2013; 33:
849-58.

Boccellino M, Giovane A, Servillo L, Balestrieri C, Quagli-
uolo L. Fatty acid mobilized by the vascular endothelial
growth factor in human endothelial cells. Lipids 2002;
37:1047-52.

Chepenik KB Diaz A, Jimenez SA. Epidermal growth
factor coordinately regulates the expression of prosta-
glandin G/H synthase and cytosolic phospholipase A2
genes in embryonic mouse cells. J Biol Chem 1994; 269:
21786-92.

Adamson GM, Carlson TJ, Billings RE. Phospholipase A2
activation in cultured mouse hepatocytes exposed to
tumor necrosis factor-alpha. J Biochem Toxicol 1994; 9:
181-90.

Liu SJ, McHowat J. Stimulation of different phospholi-
pase A2 isoforms by TNF-alpha and IL-1beta in adult rat
ventricular myocytes. Am J Physiol 1998; 275: H1462-72.
Ulu A, Harris TR, Morisseau C, et al. Anti-inflammatory
effects of n-3 polyunsaturated fatty acids and soluble
epoxide hydrolase inhibitors in angiotensin-ll-depen-
dent hypertension. J Cardiovasc Pharmacol 2013; 62:
285-97.

Zeldin DC. Epoxygenase pathways of arachidonic acid
metabolism. J Biol Chem 2001; 276: 36059-62.

1174

Arch Med Sci 6, December / 2014



