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Figure 3. Glycated protein in soluble
fraction of lensA: Amount of glycated
protein in soluble protein fraction of
different groups was assayed by phenyl
boronate affinity chromatographyas
describedin the Methods section. B:
Percentof glycatedproteinin soluble
proteins of lens. Data are mean+SD
(n=4). Different superscriptabovethe
bars denotethat data are significantly
different among the groups.

Estimation of glycated protein by boronate affinity

chromatography:The percentageof glycated protein was

estimatedin the soluble fraction of lens as described
previously[23,24].Briefly, 5 mgof glycatedensproteinwas
passedhroughaphenylboronateffinity columnequilibrated
with 0.25M ammoniumacetatebuffer (pH 8.5) containing
0.05M MgCl.. Theunboundractioncontainingnon-glycated
protein was washedwith the above buffer, while bound
glycated protein was eluted using 0.1 M 2-amino-2-
hydroxymethyl-propane-1,3-diol-HC{pH 7.5) containing
0.2 M sorbitol.

Statistical analysisTrajectories were estimated using mixed
modelanalysisusingSPSSsoftwareversion15.0(SPS9nc.,
Chicago,IL) to testthe statisticalsignificanceof delay of
cataracprogressiomlueto gingerfeeding.One-wayANOVA
wasusedfor testingstatisticakignificancebetweergroupsof
dataandindividual pair differencewastestedby meansof
Duncan’s multiple-range test. Heterogeneity of variance was
testedby the nonparametricMann—Whitneytest where a
p<0.05 was considered as significant.
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TABLE 2. EFFECT OF GINGER ON PROTEIN CONTENT OF RAT LENS.

Parameter Group I
Total protein (mg/g lens) 480%+32.4
Soluble protein (mg/g lens) 360%+27.3
Soluble protein (%) 75.0

Group II Group III Group IV

3840+22.7 434¢431.2 4652+35.8

198b+£25.45 274¢4+40.5 310°+£29.4
51.5 63.1 66.6

The total and soluble protein in the lens of different groups was estimated by the Lowry’s method and the percentage soluble
protein content was derived from the estimated values. The data are mean+SD (n=4). Different superscripts denote that data are

significantly different among the groups.

RESULTS

Food intake and bodyweights: As reported by us earlier [24,
30,32], there was an increase in the food intake in all the
diabetic animals compared with the control animals (data not
shown). Studies suggest that a deficiency of hormones,
particularly insulin and leptin, causes hyperphagia in
streptozotocin (STZ) diabetic rats by altering the balance of
hypothalamic neuropeptides [33-35], though the signaling
mechanisms causing diabetic hyperphagia are still
incompletely understood. Irrespective of food intake, the
dynamics of amino nitrogen conversion is changed in a way
that favors protein catabolism of diabetic animals causing
weight loss [36]. Despite the increased food intake, the
bodyweight of diabetic animals decreased significantly (mean
+SEM bodyweight at the end of experiment, 208+3.28 g;
p<0.001) when compared to control animals (290+2.96 g).
However feeding of ginger to diabetic rats (Group III and IV)
did not normalize the bodyweights to a significant extent
(217£2.55 g; p<0.001 and 225+5.50 g; p<0.001, respectively).

Cataract progression: While the onset of cataract due to
hyperglycemia was observed in diabetic animals after four
weeks of STZ injection and progressed to mature cataract by
eight weeks in untreated diabetic lenses, feeding of ginger
delayed both onset and progression of cataract in diabetic rats
in a dose dependent manner (Figure 1A). Since lenses were in
different stages of cataract in a given group at a given time,
the number lenses in each stage of cataract for different groups
at the end of experiment was shown (Table 1). Further, we
have averaged the stages at the given time at a given group,
to see the onset and progression of cataract in an empirical
manner in all the groups and presented with duration of
diabetes (Figure 1B). Interestingly, there was a delay in the
onset of cataract in ginger fed groups as compared to untreated
diabetic group. At the end of the nine weeks, the severity of
cataract was significantly lower in ginger-fed groups,
particularly with 3% ginger, than in untreated diabetic rats.
All the lenses in control group appeared to be normal and free
of opacities during the experimental period. Based on the
trajectories (0, 1.169, 0.620, and 0.241, respectively for Group
I; Group II; Group III, and Group IV) which are highly
significant (p<0.001) at all the time intervals, the data suggests
that progression of lens abnormalities and maturation of
cataract due to STZ-induced hyperglycemia were
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significantly delayed with feeding of ginger in a dose
dependent manner (Figure 1B). The doses of ginger used in
the study were based on a pilot study involving a small number
of rats (data not shown).

Blood glucose and insulin levels: We have assessed blood
glucose and insulin levels to understand whether ginger
ameliorated cataract onset and progression by reducing STZ-
induced hyperglycemia. As expected blood glucose levels
were elevated and insulin levels were lowered significantly in
untreated diabetic animals compared to control rats (Figure
2). Though blood glucose levels were decreased to a marginal
(low dose) to moderate (high dose) level due to ginger feeding
to diabetic rats, insulin levels were unaffected by both levels
of ginger (Figure 2). Thus, a modest lowering of blood glucose
levels in diabetic rats by ginger feeding is supported by
unaltered insulin levels. However, it should be noted that the
plasma glucose levels in ginger-fed diabetic rats are
considerably higher than plasma glucose levels (150 mg/dl)
which are shown to induce cataract in WNIN rats after 4-5
weeks as seen in this study and earlier studies [24,30,32].
Therefore, delay of cataract progression in diabetic rats due
to ginger feeding could be attributed to its potential to
modulate pathways that are linked to the development of
diabetic complications including cataract instead of mere
partial lowering of blood glucose level.

Molecular basis for the delay of cataract: To investigate the
possible mechanisms by which ginger delayed the onset and
progression of STZ-induced diabetic cataract, we have studied
various biochemical mechanisms related to cataractogenesis.
In view of in vitro antiglycating potential of ginger [23], we
have focused on non-enzymatic glycation mediated effects. In
addition we have also investigated the status of polyol
pathway and oxidative stress as there is a cross-talk between
these pathways [37,38].

Protein glycation: To understand that ginger feeding to
diabetic rats could reduce the glycation, the percentage of
glycated protein in the lens was measured using boronate
affinity chromatography (Figure 3). While the percentage of
glycated protein in untreated diabetic rats was about 27%,
ginger feeding resulted in a reduction of glycated protein in a
dose depended manner (Figure 3). Further, these results
corroborate with our previous findings of in vitro
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Figure 5. Immunodetection of glucose
derived AGEs in the soluble portion of
lens protein. A: Representative western
blot profile of soluble lens protein
probed with anti-AGE-BSA antibodies.
Lane 1: Molecular weight markers,
Lane 2: Group I, Lane 3: Group II, Lane
4: Group III, Lane 5: Group IV. B:
Densitometry analysis of AGE-BSA.
Intensity of AGE-BSA signals was
quantified considering the intensity of
lane 2 in upper panel as 100%. Data in
lower panel are meantSEM of three
independent experiments and different

superscripts denote that data are
significantly ~ different among the
groups.
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antiglycating potential of ginger. Despite their heterogeneity,
a propensity to form covalent cross links is the common
consequence of AGE, which leads to the formation of high
molecular weight aggregates on proteins. Hence, we have
monitored the cross-links of lens proteins and also high
molecular weight (HMW) aggregates by SDS-PAGE. While
the SDS-PAGE pattern of soluble protein showed an
increased proportion of cross linked and aggregated proteins
with the appearance of non-disulfide dimers of molecular

mass 45 kDa in the diabetic rat lens soluble proteins compared
with control, ginger fed groups showed a profile similar to
control group (Figure 4). Alteration in the protein profile due
to HMW aggregates lead to the insolubilization of protein that
have been considered to be the ultimate change that results in
lens opacification. Therefore, we have also analyzed total,
soluble, and insoluble protein content in all the groups. There
was a significant decrease in both total and soluble protein in
the untreated diabetic group compared with the control group.

1532


http://www.molvis.org/molvis/v16/a165

Molecular Vision 20105 16:1525-1537 <http://www.molvis.org/molvis/v16/al165>

A

83 kDa -

1 2 3 4

400

© 2010 Molecular Vision

Figure 6. Immunodetection of CML in
the insoluble portion of lens. A:
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Representative western blot profile of
insoluble lens protein probed with anti-
CML-BSA  antibodies. Lane 1:
Molecular weight markers, Lane 2:
Group I, Lane 3: Group II, Lane 4:
Group III, Lane 5: Group IV. B:
Densitometry analysis of CML-BSA.
Intensity of CML-BSA signals was
quantified considering the intensity of
lane 2 in upper panel as 100%. Data in
lower panel are mean+SEM of three
independent experiments and different
superscripts denote that data are
significantly ~ different among the
groups.
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Generally during progression and subsequent maturation of
cataract, while there is a leakage of proteins from the lens due
to osmotic stress in addition to degradation of lens proteins
which is the main cause of decreased total protein content,
there is an insolubilization of available soluble protein due to
mechanisms mentioned above. Feeding the rats with ginger
improved the total and soluble protein levels, which is in
agreement with the delay of onset of cataract in those groups
(Table 2).

A wide variety of structurally diverse sugar-derived AGE
have been demonstrated in cataractous lens and the
predominant  antigenic AGE are argypyrimidine,
carboxyethyllysine,  carboxymethyllysine  [5-8,39-41].
Having shown the effective reduction of HMW aggregates in
the soluble fraction of lens upon feeding ginger, we evaluated
the immunoreactivity of some of these AGE using antibodies
raised against CML-BSA, MGO-BSA, and AGE-BSA in the
soluble as well as insoluble portion of lens protein. While
immunoreactivity of glucose derived AGE (AGE-BSA) was
found in the soluble portion (Figure 5), the presence of MGO-
BSA and CML could be detected in the insoluble protein
fraction (Figure 6 and Figure 7). Detection of increased AGE
in the insoluble fraction of diabetic lenses indicates that
formation of AGE on lens proteins led to aggregation and
insolubilization of proteins, finally resulting in cataract
formation. Feeding of rats with ginger reduced the formation

of AGE in both soluble and insoluble protein fraction
suggestive of its antiglycating action (Figure 5, Figure 6, and
Figure 7). Ginger was also effective against glyco-oxidative
damage to the eye lens as feeding of ginger could decrease
protein carbonyls which are increased in diabetic lens soluble
protein fraction (Figure 8).

Polyol pathway: Dicarbonyls such as glyoxal and MGO,
produced as an intermediate of the Maillard reaction, are
substrates of aldose reductase (ALR2) [42], known to activate
the polyol pathway under hyperglycemic conditions. In
addition, induction of ALR2 by AGE [43] indicates that
accelerated formation of AGE in vivo may elicit the activation
of the polyol pathway. Hence, having shown the reduction of
AGE, we evaluated the polyol pathway of lens upon ginger
feeding. Specific activity of polyol pathway enzymes ALR2
and SDH was significantly increased in untreated diabetic
animals compared to control rats. Feeding ginger to diabetic
rats resulted in normalization of ALR2 and SDH activities
(Table 3). However, we did not find significant inhibition of
ALR?2 in vitro with aqueous extract of ginger in comparison
to other aqueous extracts [44]. Hence, probably the reduction
of carbonyl mediated stress (Figure 8) by ginger might be
responsible for restoring ALR2 activity after feeding ginger.
Further, these findings are in concordance with previous
studies demonstrating a cross-talk between these pathways
[37,38,41,42].
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Figure 7. Immunodetection of MGO-
AGE in the insoluble portion of lens.
A: Representative western blot profile
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DISCUSSION

Globally, the number of people with diabetes is projected to
rise from 171 million in 2000 to 330 million in 2030 [1,2,
45]. It has been estimated that India will have the largest
number of diabetic subjects in the world by the year 2025
[1,2,45]. Taking these projections into account, diabetes could
become a major threat to public health. Although, there have
been major advances in the control of hyperglycemia
(diabetes) through dietary changes, hypoglycemic agents,
insulin, and islet transplantation, the management of long-
term complications of diabetes, such as blindness due to
cataract and retinopathy, remain serious problems to be dealt
with. The impact of glycemic control in the prevention of
diabetic complications has been established by studies like the
UK Prospective Diabetes Study and the Diabetes Control and
Complications Trial. Nevertheless, perfect glycemic control
is not always possible. Further, persistence of progression of
hyperglycemia-induced complications during a subsequent
period of normal glucose homeostasis (called as memory of
glucose toxicity) [46], suggest that exclusive management of
glucose can no longer be viewed as sufficient for the control
of long-term complications. Hence, agents, which can prevent
diabetic complications irrespective of glycemic control,
would have advantages in the management of secondary
complications.

Several mechanisms have been proposed to explain
accelerated cataract formation due to diabetes [47,48].
Glycation induced structural damage to lens proteins resulting
in the formation of light scattering aggregates and ALR2

mediated osmotic stress have both been considered as
predominant factors. Previously we have identified some
natural sources, including ginger, for their potential to inhibit
these pathways with the ultimate goal to prevent or treat
diabetic complications [23,24,30,32,44]. In this study we
demonstrated that the antiglycating effect of ginger could be
translated to delay the onset and progression of cataract in
experimental diabetic rats.

The rhizome of ginger contains over 20 phenolic
compounds. The major active principles include zingiberene,
bisabolene, gingerols, and shogaols. These compounds have
been reported to display diverse biologic activities such as
antioxidant, anti inflammatory, anticarcinogenic,
antidiabetic, hypoglycemic, hypolipidimic, and aldose
reductase inhibitory properties [25-29,44,49]. Multiple
properties of these active components could also be
responsible for the observed effect in the present study in
addition to its antiglycating potential that we have attributed
as a predominant mechanism for the delay of diabetic cataract.

Previous studies reported that active component of ginger
inhibited ALR2 and prevented the accumulation of galacitol
in the galactose induced cataract [S0]. We also found that the
aqueous extract of ginger showed both antiglycating activity
and ALR2 inhibition [23,44]. Nevertheless, ginger seems to
modulate both glycation and polyol pathways because of a
cross-talk between these pathways. However, antiglycating
potential, not only in vitro but also in vivo, appears to be
predominant over ALR2 inhibition [23,44]. Thus, the
antiglycating nature of ginger could be the major mechanism
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Figure 8. Protein carbonyl content in
soluble protein fraction of lens. Protein
carbonyl groups of soluble protein
fraction of different groups were
assayed by reactivity to 2,4-DNPH as
described in the Methods section. Data
are meantSD (n=4). Different
superscripts above the bars denote that
data are significantly different among
the groups.

Ly

Gm'up—l Gmhp—ll Gmhplll Gmhp—l‘u’

TABLE 3. EFFECT OF GINGER ON SPECIFIC ACTIVITY OF ALDOSE REDUCTASE (ALR2) AND SORBITOL DEHYDROGENASE (SDH) IN

RAT LENS.
Enzyme Group I Group I1 Group III Group IV
ALR2 34.12+1.8° 53.67+2.3° 41.46£3.6° 37.1+£3.18°
SDH 2.40+0.3* 3.78+0.6° 2.77+0.2¢ 2.44+0.2*

Aldose reductase activity was expressed as pmoles NADPH oxidized/h/100 mg protein. SDH activity was pmoles NADH
oxidized/h/100 mg protein. The data are mean+SD (n=3). Different superscripts denote that data are significantly different

among the groups.

in ameliorating STZ-induced diabetic cataract. Our earlier
studies with curcumin, cumin and tannoid-enriched fraction
of Emblica have shown that antioxidant, antiglycating and
ALR?2 inhibition were partly responsible for the delay of
diabetic cataract in rats [24,30,32]. Interestingly, unlike the
previous studies, besides delaying the progression and
maturation of cataract a significant delay in the onset of
cataract by ginger was noticed in this study. This could be
attributed to its ability to prevent the multiple changes
associated with the accumulation of AGE, i.e., reduction in
the carbonyl stress, inhibition of osmotic stress by reducing
the activity of polyol pathway, and prevention of oxidative
stress [38].

In conclusion, results of the present study suggest that
agents or compounds that exert multiple actions like
antiglycating, ALR2 inhibition, antioxidant, and antidiabetic/
hypoglycemic properties might provide a viable approach,
either food based or pharmacological, in the treatment of
diabetic complications.
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