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Diabetes mellitus and hyperglycemia can lead to other health complications. The pathogenesis of dia-
betes mellitus can affect numerous tissues in the eye structure and cataracts are one of the major causes
of visual impairment in diabetes mellitus patients. In this study, we aim to investigate the ability of D-
limonene to inhibit aldose reductase hypoglycemic activity in lens organ culture and its anti-glycating
properties in STZ-induced cataracts of rats with diabetes. D-limonene repressed aldose reductase in-
vitro with IC50 ranges of ~13.9 ± 0.31 mg/mL in an uncompetitive manner. This compound also prevented
hyperglycemic induced increases in aldose reductase activity, accumulation of sorbitol, altered crystalline
proteins (a, b and c), and opacification of the rat lens in ex-vivo lens organ culture. Supplementation of D-
limonene in STZ-induced diabetic rats restored these changes and delayed the progression of cataracts.
This study demonstrates that D-limonene is a pharmaceutically active component that inhibits rat-
lens aldose reductase. Therefore, this study showed that D-limonene prevents advanced glycation end
product formation contributing to the integrity of a-crystallin chaperone activity and delays cataract
development. It has been concluded, D-limonene has a role in inhibiting aldose reductase activity and
advanced glycation end products formation in vivo, and in delaying the development of diabetic cataracts.
Further studies of D-limonene are needed to assess other complications in DM as they may provide addi-
tional evidence for establishing D-limonene as a potential pharmacological target therapy for diabetes
mellitus complications.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

As per the World Health Organization (WHO), there are 17.6
million people who are blind from cataracts in the world
(Khorsand et al., 2016; Pescosolido et al., 2016). Diabetes mellitus
is a metabolic disorder with a phenotype of chronic hyperglycemia,
a risk factor for cataract development (Khan et al., 2014). Hyper-
glycemia, protein glycation and induced advanced glycation end
products (AGE) plays an important role in the pathogenesis of dia-
betic complications (Singh et al., 2014). Aldose reductase (AR;
ALR2; EC 1.1.1.21), is a key-enzyme in polyol pathways which cat-
alyzes a nicotinamide adenosine dinucleotide phosphate (NADP)-
dependent reduction of glucose to sorbitol. In diabetic tissues, it
leads to an extreme accumulation of intracellular-reactive oxygen
species (ROS). ROS is engendered through AGE process formation
and AGE-RAGE interactions leads to ROS production (Tang et al.,
2012).

In 1912, Maillard, a French scientist, described modifications
occurring in precise proteins prior to ascribing to sugars as the
major cause of changing food color, known as the Maillard reac-
tion. In 1955, glycated hemoglobin was discovered and was the
first example of a molecule modified by exposure to blood sugar;
this documented proof that the Maillard reaction occurs in the
human body, and is now known as glycation (Fournet et al.,
2018). Positivity in fructose formation leads to reactive dicarbonyl
species in AGEs (Zhao et al., 2009). Maillard reactions are formed
through the condensation of amino acids with carboxyl groups
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on reduced sugars which results in Schiff base formation and rear-
rangement to Amadori or Heyns products, followed by cross-
linking of AGEs with characteristic fluorescence (Lund et al.,
2017). Importantly, protein damage occurs during the initial pro-
cess within lysine and N-terminal amino groups; further, these
proteins are degenerated through crosslinking reactions of AGEs
and dicarboxyl species in later reactions (McKay et al., 2019).

AGEs have been studied in the serum and lenses of diabetic sub-
jects with cataracts (Chen et al., 2018). The function of the chaper-
one a-crystallin may be linked to the formation of diabetic
cataracts and supporting studies have confirmed that reduced
activity of the chaperone due to oxidative stress may be involved
in cataract development (Nakazawa et al., 2016; Babizhayev,
2016). Identifying pharmacological inhibitors of aldose reductase
and AGE formation could be effective in preventing diabetic catar-
acts (Saraswat et al., 2010). For example, terpenoids are the biggest
photochemical group used in the medicinal preparation for numer-
ous diseases due to their antimicrobial, antifungal, antiviral, antial-
lergic, antiinflammatory and immunomodulatory properties
(Tewari et al., 2019; Thoppil et al., 2011).

D-limonene [1-methyl-1-4-(1-methylethyl) cyclohexane] is
well established for its chemo-preventative activity in many can-
cers and other diseases. It is known as a natural monocyclic
monoterpene and non-nutritive dietary component with a citrus
odor applied in numerous indigenous medicines. The principal
source of D-limonene as an essential oil is A. marmelos leaves, pre-
sent in cherries, grapes, and citruses like lemon and orange (Murali
et al., 2013). The hypoglycemic activity and antioxidant properties
of D-limonene were verified in animal models. It was shown to
modulate insulin secretion and lower lipid peroxidation and
growth in STZ-induced diabetic rats (Sharma and Bansal, 2016).
The in vitro studies showed the antiglycating role of D-limonene
with bovine serum albumin (Joglekar et al., 2013). However, the
role of D- in aldose reductase inhibition, which plays a major role
in polyol pathway, and it’s in vitro effects on cataracts have not
been documented. Thus, the current study inspects the role of D-
limonene inhibition on aldose reductase ex vivo with lens organ
culture and its antiglycating properties in cataracts in rats with
STZ-induced diabetes.
2. Materials and methods

2.1. Materials

D-limonene, lithium sulphate, NADPH, DL-glyceraldehyde,
quercetin, b-mercaptoethanol, reduced-glutathione, TC-199 med-
ium and sephacryl S-300HR were purchased from Sigma Chemicals
(USA). DTT, insulin and Tris and all other chemicals were pur-
chased from Sigma Chemicals (UK). The animal protocol was
designed to minimize pain or discomfort to the animals. The ani-
mals were acclimatized to laboratory conditions (23 �C,
12 h/12 h light/dark, 50% humidity, ad libitum access to food and
water) for 2 wk prior to experimentation. Intragastric gavage
administration was carried out with conscious animals, using
straight gavage needles appropriate for the animal size (15–17 g
body weight: 22 gauge, 1-inch length, 1.25 mm ball diameter).
All animals were euthanized by following guidelines of American
Veterinary Medical Association with commercial euthanasia solu-
tion (Sodium pentobarbital 390 mg + sodium phenytoin 50 mg/
ml). The animals were euthanized by barbiturate overdose (intra-
venous injection, 150 mg/kg pentobarbital sodium) for tissue col-
lection. The animals after sampling were placed in plastic bags
and sealed. These sealed bags were shifted into another plastic
bags and thrown into animal trash.
2.2. Inhibition studies of aldose reductase

Purification of aldose reductase was performed as previously
described by Sankeshi et al. (2013). Briefly, the rat lens was incu-
bated with 1 mL of the assay mixture (50 mM phosphate buffer,
0.4 M lithium sulphate, 5 mM 2-mercapto ethanol, 0.1 mMNADPH,
and 10 mM DL-glyceraldehyde) at 37 �C for 5 min. A double beam
spectrophotometer (Hitachi Spectrophotometer U-2910) was used
to calculate the 340 nm absorbance of NADPH oxidation. The stock
for D-limonene was prepared with water for the inhibition studies.
1–100 mM/mL concentrations of D-limonene were added for both
the reaction mixture and AR activity assays.
2.3. Enzyme kinetic studies

200 ml of the same reaction mixture was prepared. The varied
concentration ranges were 0.1–1.0 mM for both D-limonene and
DL-glyceraldehyde compounds. Km and Vmax of AR was estimated
through numerous concentrations of DL-glyceraldehyde as the
substrate by Lineweaver-Burk double reciprocal plots.
2.4. Lens organ culture

Lens organ culture was performed as previously published by
Reddy et al. (2000). Briefly, 60-day-old SD (Sprague Dawley) rat
eye balls were dissected with the anterior approach. The lenses
were incubated in 2 mL of TC-199 medium (ThermoFischer) at
37 �C at 5% CO2 and 50 mM glucose with or without D-limonene
(13.49 mM/ml). Using the prepared medium with 30 mM fructose
and 5.5 mM glucose, the lenses were incubated and treated with
osmotic controls. Lenses were maintained in sorbitol for 24 h or
10 d for morphology studies. Completion of incubation was con-
ducted by visual cues, and lenses were placed in transparent glass
slides.
2.5. Sorbitol estimation in lens

Sustained lenses were placed in organ culture consisted of
M199 with Earl’s balanced salt solution, 3% fetal calf serum, and
antibiotics (Penicillin 100 U ml � 1 and Streptomycin 0�1 mg
ml�1) for 24 h, and were treated with 9 volumes of 0.8 M perchloric
acid. Homogenates were centrifuged at 5000�g at 4 �C for 10 mins
and the supernatant pH was adjusted to 3.5 with 0.5 M potassium
carbonate. This protocol was initially published by Rao and Bhat
(1989) using JASCO FP-750 spectrofluorimeter.
2.6. Animal experiment and induction of diabetes

Three month old male rats with an average weight of 220 ± 6 g
were used in this study which was procured from the Departmen-
tal Animal House. All animal experiments were carried out as per
the ethical guidelines for animal experimentation. Rats were fed
the AIN-93 diet. Eight rats were involved in control group
(Group-I) and received the STZ-injection (Streptozotocin-
Induced) in 0.1 M citrate buffer. After 3-days, fasting glucose levels
were monitored and abnormal glucose levels were categorized into
3 groups; Group-II (Gr. II) is considered a diabetic control group
and was fed with a consistent AIN-93 diet. Group-III (Gr. III;
n = 6) and Group-IV (Gr. IV; n = 6) were fed an AIN-93 diet with
0.013% or 0.13% of D-limonene, respectively. Every week, serum
glucose levels were measured after overnight fasting for 8–10 h.
Cataract progression was assessed as per the Suryanarayana et al.
(2005) study. After 8 weeks, rats were used for in vivo studies.



Fig. 1. Inhibition of AR by D-limonene: Representative inhibition curve of rat aldose
reductase (AR) by D-limonene. AR activity in the absence of D-Limonene was
considered as 100%. Data shown is an average of three independent experiments.

Table 1
Kinetics of rat lens AR in the absence and presence of D-limonene. Vmax is reported as
lmoles NADPH oxidized/min/mg protein.

D-Limonene (mM) Km(mM) Vmax

0 0.25 ± 0.03 0.0703 ± 0.02
6.5 0.20 ± 0.02 0.0485 ± 0.01
13.9 0.166 ± 0.02 0.0326 ± 0.01
25.5 0.118 ± 0.01 0.020 ± 0.02

Data are represented as mean ± SD (n = 3).

Fig. 2. Kinetics of aldose reductase inhibition: Lineweaver–Burk plot of aldose
reductase (AR) in the presence and absence of various concentrations of D-
limonene. The concentration of D-limonene used in the assay system: 0 mM (r),
6.5 mM (j), 13.9 mM (▲) and 25.5 mM (d).

Table 2
Effect of D-limonene on AR activity (lmoles of NADPH oxidized/h/100 mg of protein),
Sorbitol (nmoles/g of lens) in rat lens organ culture under glucose stress (50 mM).

Parameter Group I Group II Group III

Aldose Reductase 31.0 ± 1.29 47.1 ± 2.13* 32.7 ± 2.96#

Sorbitol Level (nmoles/g lens) 32.0 ± 1.52 81.1 ± 1.57* 33.0 ± 2.75#

Data are represented as mean ± SD (n = 3).
*Statistically significant from Group I (analyzed by ANOVA; p � 0.05).
#Not statistically significant from Group I (analyzed by ANOVA; p > 0.05).
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2.7. Isolation of a-crystalline from rat lens

To perform isolation of a-crystalline, lenses were pooled from 5
to 6 rats and 10% of the tissue homogenate was isolated in TNE buf-
fer (25 mM Tris-Hcl; 0.5 mM of EDTA and 100 mM of NaCl). The
homogenate was centrifuged at 1000 rpm for 20 min at 4 �C and
the pellet was used for further extraction. This technique was per-
formed by adopting the earlier studies (Reddy et al., 2000).

2.8. Estimation of glycation of protein

Quantification of protein glycation in the rat lens was per-
formed with boronate-affinity chromatography. One column was
filled with aminophenylboric-acid and agarose beads and the other
5 columns were filled with ‘‘equilibrator buffer (0.25 M ammonium
acetate, pH 8.5, 0.05 M MgCl2)”. Rat lens TSP (Trigonella foenum
graecum seed powder) was applied to the column and the non-
glycated protein fraction was eluted with equilibrator buffer while
the glycated protein was bound to the phenyl boronate matrix
(Kumar et al., 2009). A UV–Vis (Ultraviolet–visible) spectropho-
tometer instrument was used to perform this experiment.

2.9. Histopathological studies

Following completion of animal experiments, eye balls were
dissected and fixed in 10% formaldehyde for 48 h. Eye balls were
embedded in paraffin (60 �C) using L-blocks, sectioned at 5–7 mm
thickness using a microtome and stained using H&E (Pilati et al.,
2008).

2.10. Statistical analysis

Statistical analysis was performed using SPSS software (Version
21.0; US). Results are expressed as mean ± standard deviation for a
minimum of three replicates. One-Way analysis of variance
(ANOVA) was performed using Post-Hoc tests.

3. Results

3.1. D-limonene inhibition activity by AR

The inhibition activity of D-limonene toward AR (aldose reduc-
tase) was verified in the rat-lens. A comparison of the IC50 levels
was undertaken with quercetin being used as a positive control
of AR inhibition. The quercetin IC50 value was 8.947 ± 0.305 mM/
mL. D-limonene inhibited AR in rat lens with an IC50 of 13.9 ± 0.
31 mM/mL (Fig. 1). Kinetic parameters were determined using Km

and Vmax to assess the mechanistic inhibition of AR via D-
limonene. Various concentrations of D-limonene (Km and Vmax)
appeared to lower the substrate DL-glyceraldehyde (Table 1). Addi-
tionally, D-limonene bound to the substrate–enzyme complex
which does not compete as an inhibition substrate of AR in an
uncompetitive manner (Fig. 2).

3.2. Experimental prevention of D-limonene opacification in lens organ
culture

The potential role of D-limonene in preventing the accumula-
tion of sorbitol and lens opacification was assessed in a long-
term lens organ culture. The inhibition activity of D-limonene
towards AR was high in the lenses incubated. In lenses with
50 mM glucose (Gr. II), AR activity was prohibited in hyper-
glycemic conditions and lower levels of sorbitol were detected
when compared with controls in Gr. I and D-limonene supplemen-
tation in Gr. III (Table 2). Incubated lenses with 50 mM glucose for
for 10 days have lost transparency and lenses supplemented with
13.9 mM/ml D-Limonene displayed a delayed on set and progres-
sion of lens opacification with 13.9 mM/mL. D-limonene treatment
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exhibited suspension of lens opacification. To investigate the
mechanism of delayed progression of lens opacity of D-limonene,
crystallin spreading profile was assessed. A decrease in both a-
and bL-crystallin levels were documented in the lens incubated
with 50 mM of glucose (Fig. 3). However, hyperglycemia induced
alterations in the crystallin profile in lenses supplemented with
D-limonene.

3.3. D-limonene treatment in rats with STZ-induced cataracts

Rats involved in this study were fed a high calorie intake. Dia-
betic rats (Gr. II-IV) were compared with controls (Gr. I). The body
weight of the diabetic controls was lower than controls (Gr. II
184 ± 6.91 g, Gr. I 325 ± 6.33 g) as well as rats supplemented with
D-limonene (Gr. III 309 ± 10.1 g and Gr. IV 320 ± 3.17 g). Increased
blood glucose levels were reduced with D-limonene treatment (Gr.
III (95.86 ± 6.20); Gr. IV (89.80 ± 3.56) vs Gr. II (261.53 ± 53)). A
decrease in AR activity in Gr. III and IV rats was shown in a dose-
dependent manner following 8 weeks of supplementation
(Table 3). Further, cataract progression was reduced in rats that
were fed D-limonene. The chaperone activity of a-crystallin from
untreated diabetic rats was lowered to 50% to prevent its activity
in DTT-induced aggregation of insulin (Fig. 4).

3.4. Anti-glycation effect of D-limonene with in vivo diabetic rats

The volume of glycated protein in diabetic rats was lowered in
dose-dependent manner shown in rats supplemented with D-
limonene (Fig. 5A) as per the boronate-affinity chromatography.
A significant decrease was observed in total and soluble proteins
in the diabetic group compared to controls. D-limonene supple-
mentation improved the protein levels, which have prevented
the hyperglycemia-mediated high molecular weight cross-links
in TSP (Fig. 5B).
Fig. 3. D-limonene prevented crystallin redistribution in lenses cultured in
hyperglycemic conditions: Rat lenses were dissected from 2-month-old SD rats
and incubated with 5.5 mM glucose and 30 mM fructose as a control (GI), 50 mM
glucose (GII) and 50 mM glucose and 13.9 mg/mL of D-limonene (GIII).
3.5. Histological analysis

In control rats (Gr. I), the cellular architecture of the lenses was
arranged in an order. However, in Gr. II of untreated diabetic catar-
act rats, cortical-fiber cell swelling and vacuoles in the cortical
fiber region were observed. In rats receiving D-limonene (Gr. III),
no vacuoles were detected. Finally, in Gr. IV, no remarkable
changes were noted after treating with D-limonene (Fig. 6).
4. Discussion

Diabetes mellitus (DM) and hyperglycemia can lead to other
health complications. The pathogenesis of DM can affect numerous
tissues in the eye structure and cataracts are one of the major
causes of visual impairment in DM patients (Khan et al., 2019;
Kiziltoprak et al., 2019). Several complications have been docu-
mented in the formation of AGE and AR-associated polyol path-
ways in DM. These pathways have been considered as major
contributor towards oxidative-stress in tissues, mainly in the eye
lens (Safi et al., 2014). Several AR and AGE inhibitors have been
reported to prevent diabetic cataracts. However, AR or AGE inhibi-
tors have many adverse side-effects and none are considered extre-
mely safe (Younus and Anwar, 2016). Based on this issue, an
attempt has been made to assess D-limonene and its inhibitory
effect on AR activity and AGE formation in the diabetic cataract
lens. In this present investigation, D-limonene showed consider-
able inhibitory activity towards AR. This study also documented
the efficacy of D-limonene in ex-vivo lens culture under hyper-
glycemic conditions (Bai et al., 2016). Inhibition of AR activity by
D-limonene was assessed by accumulation of sorbitol in the lens
organ culture and the results confirmed the protective role in D-
limonene in averting lens opacification in hyperglycemic condi-
tions (Kim et al., 2015). Nutritious supplementation of D-
limonene in STZ-induced diabetic rats inhibited AGE formation,
improved a-crystalline chaperone activity and delayed cataract
progression (Tewari et al., 2019). During cataractogenesis, proteins
accumulate as insoluble aggregates resulting in lowered soluble-
protein content. Although the soluble protein is significantly low-
ered in diabetic lenses, it was restored in lenses treated with D-
limonene (Sakthivel et al., 2010). The distribution of the crystalline
profile in soluble protein in lenses incubated with 50 mM glucose
showed a decrease in bL-crystallin and increase in aH-crystalline
which led to protein accretion in diabetic rat lenses, consistent
with previous studies (Moghaddam et al., 2005; Sankeshi et al.,
2013). Our observations revealed that D-limonene prevents the
accumulation of high molecular weight isomers and protein car-
bonyls and improved the soluble protein levels. One of the major
findings in this study was the inhibition of AR activity and destruc-
tion of sorbitol accumulation in lens organ culture with D-
limonene. The process of altering the glycation, stability, cross-
linking and aggregation of protein thus have a great influence on
the pathogenesis of cataracts and retinopathies (Sankeshi et al.,
2013).

A strong association has been documented between polyol
pathways, AGE and chaperone activities in a-crystallins (Yan and
Harding, 2006). The structure of chaperones and their activities
are affected by glycation, which influences lens opacity (Yan and
Harding, 2006). Glycation anticipation is mediated via loss of a-
crystalline chaperone function and alteration structures in both
in vitro and in vivo conditions which provision the anti-glycating
effects of D-limonene have been shown (Moghaddam et al.,
2005). Treatment with D-limonene lowers blood glucose levels
and protein carbonyls and delays cataract progression; it is possi-
ble this is due to increased chaperone activity (a-crystalline) in the
lenses of STZ-induced diabetes rats. Based on the investigations



Table 3
The effect of D-limonene on the polyol pathway in STZ induced diabetic rats following 8 weeks.

Parameter Control (Group
I)

Diabetic Control (Group
II)

Diabetic + 0.013% of D-Limonene (Group
III)

Diabetic + 0.13% of D-Limonene (Group
IV)

Aldose Reductase 35.01 ± 1.62 47.37 ± 1.38* 37.89 ± 1.03# 37.90 ± 0.91#

Sorbitol Level (nmoles/ g lens) 36.9 ± 1.29 76.2 ± 2.33* 45.4 ± 1.87* 44.5 ± 3.26*
Protein Carbonyls (nmoles/mg

protein)
15.18 ± 0.58 27.52 ± 0.99* 19.05 ± 0.73* 18.87 ± 0.82*

Body Weight (grams) 325 ± 6.33 184 ± 6.91* 309 ± 10.1# 320 ± 3.17#

Data are represented as mean ± SD (n = 3).
*Statistically significant from Group-I (analyzed by ANOVA; p � 0.05).
#Not statistically significant from Group-I (analyzed by ANOVA; p > 0.05).

Fig. 4. D-limonene preserved a-crystallin chaperone activity under diabetic
conditions: a-crystallin was isolated from lenses of all four groups of experimental
rats and its chaperone activity was assessed in terms of its ability to suppress DTT
(dithiothreitol) induced aggregation by insulin. Insulin (0.40 mg/ml) was incubated
in the absence (trace 1) or presence of a-crystallin from control rats (trace 2),
diabetic rats (trace 3), diabetic rats treated with 0.013% of D-limonene (trace 4) and
diabetic rats treated with 0.13% D-limonene (trace 5).

Fig. 6. Histological examination of rat lens after treatment with D-limonene in a
dose dependent manner: The cellular architecture of the lenses was orderly
arranged. Control (GI), diabetic control (GII), 0.013% D- limonene treated diabetic
rats (GIII) and 0.13% of D-limonene treated diabetic rats (GIV).
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performed, we hypothesize that D-limonene plays a critical role in
not only inhibiting AR and AGE formation but also in helping pre-
vent a-crystalline chaperone activity. D-limonene thus merits fur-
ther investigation in postponing and managing cataracts (Yan and
Harding, 2006).

Our study investigated the ability of D-limonene to inhibit AR in
the rat lens through in vivo, ex vivo and in vitro studies. This study
highlights the efficacy of AR-inhibitors in preventing lens opacifi-
cation in organ culture and AGE formation in STZ-induced hyper-
glycemia in rats. Isolation of a-crystalline from diabetic rat
lenses treated with D-limonene exhibited a greater chaperone
activity than the isolated fraction in untreated diabetic rats.
Fig. 5. Analysis of glycated proteins in STZ induced diabetic rat lens: The effect of D-limo
GIV) was analyzed by phenyl boronate affinity chromatography (A). SDS-PAGE analysis o
and 0.13% of D-Limonene treated diabetic rats (GIV); M-molecular weight markers. Arro
5. Conclusion

In conclusion, D-limonene has a role in inhibiting AR-activity
and AGE formation in vivo, and in delaying the development of
nene on the amount of glycated protein in rat lens TSP from different groups (GI to
f lens TSP from Control (GI), diabetic control (GII), 0.013% D- Limonene treated (GIII)
whead indicates high molecular weight aggregates (B).
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diabetic cataracts. Further studies of D-limonene are needed to
assess other complications in DM as they may provide additional
evidence for establishing D-limonene as a potential pharmacolog-
ical target therapy for DM complications.

6. Institutional animal care and use committee statement

All animal experiments conformed to the internationally
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