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A B S T R AC T
Diabetes mellitus is associated with several complications, which may result from one or more factors including increased flux 
of polyol pathway. This study evaluated the inhibitory potential of four citrus fruits namely Citrus paradisi Macfad. (grape), 
Citrus limon (L.) Osbeck (lemon), Citrus aurantifolia (Christm.) Swingle (lime) and Citrus sinensis (L.) Osbeck (orange), on the 
activities of aldose reductase and sorbitol dehydrogenase – the two enzymes that mediate the polyol pathway. This is determined 
by incubating citrus extracts with appropriate enzymes and substrates. Fruit extract with the lowest half maximal inhibitory 
concentration (IC50) was used to assess the mode of inhibition of the enzymes by preparing Lineweaver–Burk plot. Citrus fruits 
tested inhibited sorbitol dehydrogenase more than aldose reductase, which resulted in lowered IC50 values. Of all the citrus 
fruits tested, lime fruit extract displayed potent inhibition of aldose reductase (IC50: 138.66 µg/mL) and sorbitol dehydrogenase 
(IC50: 47.21 µg/mL). Kinetic studies also revealed that lime fruit extract inhibited the activities of both enzymes in a competitive 
manner. In conclusion, the inhibition of the polyol pathway enzymes by the lime fruit extract may be attributed to the presence 
of phytochemicals such as flavonoids and limonoids.
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1.  INTRODUCTION

The global prevalence of diabetes mellitus has reached an alarm-
ing proportion of 463 million and this is projected to increase to  
700 million by the year 2045 [1]. A whooping sum of USD  
760 billion is spent annually to manage this disease without a 
complementary reduction in its incidence [1]. Due to its complex 
nature, diabetes is associated with several complications including 
nephropathy, neuropathy, retinopathy and cardiovascular diseases 
[2]. These complications are serious and debilitating, and resulted 
in the death of 4.2 million people in 2019 [1]. One of the processes 
implicated in diabetic complications is the polyol pathway.

Polyol pathway is an alternative glucose metabolic route which 
becomes prominent in hyperglycemic condition [3]. Previous 
studies revealed that this pathway is implicated in diabetic retinop-
athy and neuropathy [4,5]. It is a two-step process in which glucose 
is reduced to sorbitol and then sorbitol is converted to fructose [6]. 
Two enzymes are involved in the polyol pathway, namely aldose 
reductase and sorbitol dehydrogenase [3,7]. Since the process 
cannot proceed without these two enzymes, any entity that is able 
to inhibit their activities will reduce the flux of this undesirable 
pathway, and consequently ameliorate diabetic complications.

Recently, there is a renewed interest in natural products especially 
foods in the management of diseases and one of such group of foods 
is the citrus fruit [8]. Citrus fruits are important fruit crops world-
wide, which are grown mostly in tropical and subtropical regions 
but consumed in all parts of the globe [8]. They are important 
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household fruits which are rich in several phytochemicals, fibre, 
minerals and vitamins [9]. Though the commonest among these 
citrus fruits is sweet orange, other citrus fruits include grapefruit, 
lemon, and lime. Due to their rich phytochemical profiles, citrus 
fruits provide potential medicinal benefits in addition to their sweet 
flavour and aroma [10]. One of the diseases speculated to be man-
aged by citrus fruits is diabetes mellitus [8], but how this is achieved 
remains unknown.

Though, there are previous reports on the antidiabetic potentials 
of citrus fruits [8,9], there is scarcity of information on their effect 
on enzymes implicated in diabetic complications. Therefore, the 
objective of this study is to determine the modulatory potential of 
four citrus fruits namely grapefruit (Citrus paradisi), lime (Citrus 
aurantifolia), lemon (Citrus limon) and orange (Citrus sinensis) on 
diabetic complications – related enzymes. This is by assessing their 
in vitro inhibitory effect on polyol pathway enzymes (aldose reduc-
tase and sorbitol dehydrogenase), and determining their mode(s) 
of inhibition of the enzymes.

2.  MATERIALS AND METHODS

2.1.  Chemicals

Human recombinant aldose reductase (SRP6371), dl-glyceralde-
hyde, glucose, lithium sulfate, 2-mercaptoethanol, reduced nico-
tinamide adenine dinucleotide phosphate (NADPH), quercetin, 
dimethylsulfoxide, sorbitol, sorbitol dehydrogenase, and nicotin-
amide adenine dinucleotide (NAD+) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). All other chemicals and solvents 
were of analytical grade and were obtained from local companies.

2.2.  Sample Collection and Preparation

Fresh samples of ripe citrus fruits; grape (C. paradisi), lemon 
(C. limon), lime (C. aurantifolia) and orange (C. sinensis), were 
obtained from the Fruits store in Ojo Area of Lagos, Nigeria. The 
fruits were identified and authenticated in the Department of 
Botany, Lagos State University, Ojo, Lagos. They were peeled and 
their juice obtained using Juice extractor. The juice was centrifuged 
(1500 g × 5 min), filtered and the supernatant freeze-dried in a 
lyophilizer. Freeze-dried extracts were dissolved in distilled water 
to give stock solutions of 1.0 mg/mL and different concentrations 
(12.5, 25, 50, 100 and 200 µg/mL) of the extracts were prepared 
using serial dilution method with distilled water. All extracts were 
stored at 4°C prior to analysis.

2.3.  Aldose Reductase Inhibitory Assay

The aldose reductase inhibitory assay was performed according to 
the method of Fatmawati et al. [11] with minor modifications. The 
reaction mixture contained 0.15 mM NADPH, 10 mM dl-glycer-
aldehyde, 5 µL of 100 µg/mL aldose reductase and 100 μL of citrus 
extract (12.5–200 µg/mL) or distilled water in a total volume of 
1.0 mL of 100 mM sodium phosphate buffer (pH 6.2). After the 
reaction mixtures were incubated at 25°C for 5 min in advance, 
the reaction commenced by addition of the enzyme, and then the 
change in absorbance was measured at 340 nm after 10 min using 

a Cary 50 Bio UV-VIS spectrophotometer (Agilent Technologies, 
USA). The aldose reductase inhibitory activity was calculated as 
percentage inhibition, thus;
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where ∆Abscontrol and ∆Absextract represent change in the absorbance 
of control (water) and extract respectively.

Quercetin was used as positive control in this study while the con-
centration of extract or quercetin that inhibited 50% of aldose reduc-
tase activities (IC50) were evaluated using Microsoft Excel (2010).

2.4.  Mode of Inhibition of Aldose Reductase

The mode of inhibition of aldose reductase by lime extract was per-
formed according to the method described by Dongare et al. [12]. In 
one set of tubes, the reaction mixture contained 0.15 mM NADPH, 
dl-glyceraldehyde (10–200 mM), 5 µL of 100 µg/mL aldose reductase  
and 100 μL of lime fruit extract (50 µg/mL) in a total volume of 1.0 mL  
of 100 mM sodium phosphate buffer (pH 6.2). In another set of 
tubes, 100 µL distilled water replaced the lime extract and this serves 
as control. The change in absorbance was measured at 340 nm  
and converted to reaction velocities. Lineweaver–Burk plot was 
plotted to determine the mode of inhibition.

2.5. � Sorbitol Dehydrogenase Inhibitory Assay

Sorbitol dehydrogenase activity was determined in accordance 
with the method of Kobayashi et al. [13]. The assay mixture con-
tained 100 mM Tris-HCl buffer (pH 9.0), 0.5 mM NAD+, 50 µL of  
100 µg/mL sorbitol dehydrogenase, 100 mM sorbitol (substrate) 
and citrus extract (12.5–200 µg/mL). The reaction was initiated by 
the addition of NAD+. The rate of change in the absorbance of mix-
ture was measured at 340 nm using a Cary 50 Bio UV-VIS spec-
trophotometer. The sorbitol dehydrogenase inhibitory activity was 
calculated as percentage inhibition, thus;
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where ∆Abscontrol and ∆Absextract represent change in the absorbance 
of control (water) and extract respectively.

Quercetin was used as positive control in this study while the concen-
tration of extract or quercetin that inhibited 50% of sorbitol dehydro-
genase activities (IC50) were evaluated using Microsoft Excel (2010).

2.6. � Mode of Inhibition of Sorbitol  
Dehydrogenase

The mode of inhibition of sorbitol dehydrogenase by lime fruit 
extract was performed according to the method described by 
Lindstad et al. [14]. In one set of tubes, the reaction mixture con-
tained 100 mM tris-HCl buffer (pH 9.0), 0.5 mM NAD+, 50 µL of 
100 µg/mL sorbitol dehydrogenase, sorbitol (100–500 mM) and  
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50 µg/mL grapefruit extract. In another set of tubes, distilled water 
replaced the grapefruit extract and this serves as control. The 
change in absorbance was measured at 340 nm and converted to 
reaction velocities. Lineweaver–Burk plot was plotted to determine 
the mode of inhibition.

2.7.  Statistical Analysis

All analyses were performed in triplicates unless otherwise stated. 
Data were expressed as mean ± Standard Error of the Mean (SEM) 
and statistical significance was considered at p < 0.05. IC50 values 
were obtained from percentage inhibitions using Microsoft Excel 
software (Microsoft, 2010). Analysis of variance was used to assess 
differences in the percentage inhibitions and IC50 values of the 
extracts as well as standard. Modes of inhibition of enzymes were 
determined by Linear regression using GraphPad Prism statistical 
package (GraphPad Software, USA).

3.  RESULTS

Figure 1 shows the inhibitory effect of selected citrus fruits on the 
activities of aldose reductase and sorbitol dehydrogenase. At all 
concentrations tested, the grapefruit and lime extracts produced 
significantly higher (p < 0.05) inhibition of sorbitol dehydrogenase 
than the aldose reductase (Figure 1a and 1c). For lemon and orange 
extracts, the percentage inhibition was similar at the lowest con-
centration (12.5 µg/mL) but are different (p < 0.05) at higher con-
centrations (25–200 µg/mL) (Figure 1b and 1d). However, in all the 
citrus fruits, the percentage inhibition of sorbitol dehydrogenase 
was higher than that of aldose reductase.

The IC50 values for the inhibition of aldose reductase and sorbitol 
dehydrogenase is presented in Table 1. Of all the samples, lime 
extract has the lowest IC50 (138.66 µg/mL) for aldose reductase 

and is significantly different (p < 0.05) to other fruits. However, 
this value is similar to that of quercetin (152.20 µg/mL). For sorbi-
tol dehydrogenase, grapefruit displayed the lowest IC50 (20.37 µg/
mL), which is significantly different (p < 0.05) to other fruits and 
quercetin. It is noteworthy to state that lime extract also exhibited 
a low IC50 value (47.21 µg/mL) for the inhibition of sorbitol dehy-
drogenase, which is similar to quercetin.

Due to the low IC50 values for the inhibition of aldose reductase and 
sorbitol dehydrogenase displayed by lime fruit extract, the mode 
of inhibition of both enzymes by the lime extract was determined. 
Figure 2 shows that the lime fruit extract inhibited both aldose 
reductase and sorbitol dehydrogenase in a competitive manner. 
This is due to the fact that maximum velocities (Vmax) for both the 
control and lime fruit-inhibited reactions are similar (0.14 and 0.13 
mM/min for aldose reductase, and 1.72 and 1.70 mM/min for sor-
bitol dehydrogenase), while there were elevations in the Michaelis 
constant (Km) of the lime-fruit-inhibited reaction compared to the 
control (Table 2).

Figure 1 | Inhibitory effects of (a) grape (Citrus paradisi) (b) lemon 
(Citrus limon) (c) lime (Citrus aurantifolia) and (d) orange (Citrus 
sinensis) fruit extracts on the activities of aldose reductase and sorbitol 
dehydrogenase. ADR, aldose reductase; SDH, sorbitol dehydrogenase. 
*Values are significantly different at p < 0.05.

a b

dc

Table 2 | Enzyme kinetics for the inhibition of aldose reductase and 
sorbitol dehydrogenase by Citrus aurantifolia (lime) fruit extract

Enzyme Sample Km(mM) Vmax(mM/min)

Aldose reductase Control 0.58 0.14
Lime 1.06 0.13

Sorbitol dehydrogenase Control 0.33 1.72
Lime 0.81 1.70

Values presented were obtained from the Double reciprocal plot prepared using 
GraphPad Prism statistical package.

Figure 2 | Competitive inhibition of (a) aldose reductase and (b) sorbitol 
dehydrogenase by Citrus aurantifolia (lime) fruit extract.

a b

Table 1 | IC50 values for the inhibition of aldose reductase and sorbitol 
dehydrogenase by selected citrus fruits

Fruits

IC50 (µg/mL)

Aldose  
reductase

Sorbitol 
dehydrogenase

Grape (Citrus paradisi) 169.88 ± 6.79a 20.37 ± 0.76a

Lemon (Citrus limon) 177.42 ± 5.49a 65.33 ± 3.12b

Lime (Citrus aurantifolia) 138.66 ± 5.81b 47.21 ± 0.99b

Orange (Citrus sinensis) 233.34 ± 12.37c 161.58 ± 9.81c

Quercetin 152.20 ± 8.75b 67.52 ± 0.83b

The values are expressed as means ± SEM of triplicate determinations. Means on the same 
column not sharing common superscript are significantly different (p < 0.05) from each other.
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4.  DISCUSSION

Diabetes mellitus is a chronic disease with associated complications, 
and several mechanisms have been proposed for their pathogene-
sis. These include formation of advanced glycation end products, 
increased rate of hexosamine pathway, activation of protein kinase 
C and increased flux of the polyol pathway [2]. Polyol pathway cat-
alysed by the enzymes, aldose reductase and sorbitol dehydroge-
nase, has been implicated in many diabetic complications including 
cataract and kidney disease [15]. While aldose reductase reduces 
glucose to sorbitol, sorbitol dehydrogenase oxidizes sorbitol to 
fructose, which eventually elicits diabetic complications.

It has been reported that inhibition of aldose reductase and sor-
bitol dehydrogenase is an effective strategy of reducing the flux of 
the polyol pathway [16]. In this study, four citrus fruits (grapefruit, 
lemon, lime, and orange) were evaluated for their inhibitory effect on 
the activities of both enzymes. Out of all the extracts tested, lime fruit 
extract displayed the lowest IC50 value (138.66 µg/mL) for the inhibi-
tion of aldose reductase. This is an indication that lime fruit or some 
of its components could serve as veritable agents for the inhibition of 
aldose reductase [17]. Aldose reductase is the more important of the 
two enzymes because it catalyzes the rate-limiting step of the process 
[6]. The IC50 value for the inhibition of sorbitol dehydrogenase by 
lime fruit extract is also low and similar to that of the quercetin. This 
suggests that lime fruit prevents the accumulation of both sorbitol 
and fructose, thereby shutting down the polyol pathway [15].

Due to the effective inhibition of aldose reductase and sorbitol dehy-
drogenase by the lime fruit extract, we selected it for the kinetics of 
inhibition of the enzymes. Double reciprocal plot revealed that lime 

Figure 3 | Possible mechanisms involved in the inhibition of polyol pathway enzymes by Citrus aurantifolia (lime) fruit extract, and its amelioration of 
diabetic complications. ADR, aldose reductase; SDH, sorbitol dehydrogenase; GSH, reduced glutathione; GSSG, glutathione disulfide; NADPH, reduced 
dicotinamide adenine dinucleotide phosphate; NAD+, nicotinamide adenine dinucleotide.

extract inhibited both aldose reductase and sorbitol dehydrogenase 
in a competitive manner. This suggests that the active component(s) 
of the lime fruit extract may have functional group(s) with affinity 
for active sites of the enzymes [18]. As such, the lime fruit extract 
compete with the normal substrates for binding to the active sites 
of the enzymes, thereby forming enzyme-inhibitor complex (EI) 
instead of enzyme-substrate complex (ES), and preventing catalysis 
[19]. Once this is accomplished, the polyol pathway does not pro-
ceed and the diabetic complications associated with it is mitigated.

Normally, the conversion of glucose to sorbitol causes depletion of 
NADPH, which is necessary for the regeneration of reduced gluta-
thione, thereby causing oxidative stress [2]. Similarly, NAD+ is the 
cofactor for sorbitol dehydrogenase to produce fructose, leading to 
redox imbalance. The accumulation of sorbitol and fructose in the 
cells causes osmotic stress and formation of advanced glycation end 
product respectively [3]. The competitive inhibition of the activities 
of both aldose reductase and sorbitol dehydrogenase by the lime 
fruit extract mitigates this process and ameliorates oxidative stress, 
osmotic stress and glycation associated with it. Consequently, lime 
fruit extract will prevent diabetic complications (Figure 3).

Previous studies have reported citrus fruits as rich sources of diverse 
phytochemicals such as flavonoids, phenolic acids, limonoids,  
alkaloids, coumarins and essential oils [20]. The presence of these 
secondary metabolites has been attributed to the antioxidant, anti-
cancer, anti-inflammatory, neuroprotective and antidiabetic prop-
erties of these fruits [21]. There is also plethora of studies on the 
antidiabetic [8,22], hypoglycemic [23,24] and diabetic wound-
healing [25] properties of citrus fruits. Lime (C. aurantifolia), also 
known as sour lime and key lime, is characterized by green thick 
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peel and pulp poor in juice. While the essential oil from it is used 
as spice in the food and pharmaceutical industries, the juice is 
extensively used in the treatment of several diseases including fever, 
cough, inflammation, infection and obesity [26]. Chemical compo-
sition of the fruit juice revealed the presence of several flavonoids 
(e.g. hesperidin, rutin and didymin) and limonoids (e.g. limonin) 
[27]. Fruit extract of lime has been found to reduce hyperglycemia 
via inhibition of pancreatic a-amylase activity [28] and ameliorate 
diabetic complications [29], while its leaf essential oil decreases 
blood glucose level and increases hepatic glycogen concentration in 
diabetic rats [30]. This report attests to the ability of lime fruits in 
the management of diabetes and its complications, through the inhi-
bition of polyol pathway enzymes – aldose reductase and sorbitol 
dehydrogenase. This bioactive property of lime fruits may be due to 
the presence of phytochemicals especially flavonoids and limonoids.

5.  CONCLUSION

It can be concluded that citrus fruits displayed potent inhibition of 
the activities of polyol pathway enzymes. However, lime fruit elic-
ited most effective inhibition of the activities of aldose reductase 
and sorbitol dehydrogenase respectively, and the mode of inhi-
bition of both enzymes is the competitive inhibition. Therefore, 
lime fruit inhibits polyol pathway enzymes, which may contribute 
to the amelioration of diabetic complications. This may be con-
nected to the presence of flavonoids and limonoids in lime fruit, 
further study is warranted to characterize the compounds that are 
responsible for the activity.
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