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Abstract

Borassus flabellifer Linn. commonly known as the “Palm tree” is a tall, erect and celestial tree with more than 800
established uses. The immature palmyra palm fruits have been traditionally used for the treatment of diabetes and its
secondary complications. In the absence of systemic reports in the literature, the present study was aimed to evaluate
the antidiabetic and antioxidant properties of the immature fruits in High fat diet-fed low-dose STZ induced
experimental type 2 diabetes in rats. Diabetic rats were orally treated with palmyra palm fruits extract at a
concentration of 400 mg/kg b.w. for 30 days. Oral glucose tolerance test was performed. The levels of fasting blood
glucose, plasma insulin, HbA1lc, HOMA-IR values were estimated. The activities of key enzymes involved in carbohydrate
and glycogen metabolism in the liver and kidney tissues were assayed. The glycogen content in liver tissue was
estimated. Chemical analysis evidenced the presence of pharmacologically important phytochemicals and the
significant levels of phenolic and flavonoid content in the fruit extract. The alterations observed in the diabetic rats on
the important biochemical indices such as fasting blood glucose, insulin, hemoglobulin, and glycosylated hemoglobulin
were reverted to the physiological range after oral treatment with fruits extract. Likewise, the altered levels of protein,
urea, uric acid and creatinine were normalized after treatment with fruits extract. The assay of activities of regulatory
enzymes revealed the role of fruits extract in the regulation of carbohydrate and glycogen metabolism. The results of
the present study provide substantial evidence for the rationale and antidiabetic properties of immature palmyra palm
fruits extract.
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1. Introduction

Diabetes mellitus (DM) is a polygenic metabolic disorder that arises due to deficiency (T1DM) and/ or efficiency
(T2DM) of insulin [1]. It is characterized by a chronic elevation in the levels of fasting, post prandial, random and
glycosylated hemoglobin. The incidence of diabetes is increasing alarmingly worldwide due to genetic and
environmental factors [2, 3]. Though, T1DM and T2DM have the same long-term complications, the former is known to
elicit more severe complications. T2DM accounts for more than 90% of the total diabetic population. Chronic
hyperglycemia in diabetes is the third uppermost risk factor for the development of micro as well as macrovascular
complications and premature mortality [4, 5]. Impairment of carbohydrate, fat and protein metabolism and chronic
hyperglycemia induced oxidative stress are the life- threatening consequences of DM [6]. The currently available drugs
for the treatment of DM include insulin injections and oral antidiabetic drugs having a different mechanisms of actions
such as stimulation of insulin secretion, enhance the insulin sensitivity, decrease insulin resistance, control the
processes of gluconeogenesis, glycogenesis and interfere with the absorption of nutrients in the intestine [7]. These oral
antidiabetic drugs are prescribed either as monotherapy or in combination to achieve better glycemic control and
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insulin treatment remains the corner stone for the treatment of both T1DM and T2DM. However, no ideal therapy is
still available to control chronic hyperglycemia due to the development of undesirable side effects and diminution after
prolonged use. Hence the search for newer drugs preferably from plant origin with better efficacy and without long
term side effects continues.

Throughout the world, several medicinal plants have been found successful for the treatment of numerous primary and
secondary health complications and their demand is increasing exponentially due to the growing recognition of natural
products, being non-toxic, more efficacies and easily available at an affordable price. The ecologically derived secondary
metabolites produced by the plants serve as the priceless chemical library for drug discovery in the pharmaceutical
industry. In fact, more than 60% of the marketed medicines are distillations, combinations, reproductions or variations
of substances that exist in nature [8]. Our ancestors recommended some of the natural products, which are profusely
found in nature long before their medicinal values were established and attested by scientific validation.

However, few natural products have received toxicological as well as medical scrutiny for their pharmaceutical
applications. The World Health Organization has consistently insisted that the traditional medicinal plant treatments
warrant systematic evaluation for their toxicity and efficacy. Palmyra palm is commonly known as “Palm tree” and is
one such medicinal plant that has not been subjected to systemic scientific scrutiny for the therapeutic applications of
its various parts.

Borassus flabellifer Linn (“Arecaceae”) is a tall and erect tree widely known for its large, fan-shaped leaves [9]. India
stands first in the world in terms of its possession with a population of more than 125 million [10] and out of this nearly
60% are in Tamil Nadu [11]. Itis commonly referred to as the “tree of life” with more than 800 established uses including
food, beverage, fiber, medicinal and timber [12]. In the highly esteemed antiquity Tamil culture, it is considered as
“Karpaha Veruksham” (Celestial tree) because all its parts have a unique use [13]. Above all, due to the special
contemporary significance, this tree is pronounced as the official tree of Tamil Nadu in 1978 [14]. In traditional
medicine, the extract of immature palm fruits has been widely used for the treatment of diabetes and its secondary
complications [15, 16]. Recently, we have reported the antioxidant and antimicrobial properties of immature palm fruits
[17, 18]. In the present study, it was aimed to evaluate the antidiabetic properties of immature fruits in High Fat Diet
fed and Low Dose Streptozotocin induced experimental type 2 diabetes in rats.

2. Material and methods

2.1. Chemicals and drugs

Streptozotocin (STZ) was procured from Sigma Chemicals, St Louis, USA. All other chemicals and reagents used in the
present study were of analytical grade obtained from SRL chemicals, Bombay, India.

2.2. Plant material

The immature Palmyra palm fruits (prior to the development of endosperms) that have weighed between 30 to 50 gm
were collected from the trees near Chengalpet, Tamil Nadu during the months of December and January. The plant
material was authenticated by a qualified taxonomist at the Centre for Advanced Studies in Botany, University of Madras
and a voucher specimen was deposited for future reference.

2.3. Preparation of the fruits extract

The immature fruits were washed thoroughly under tap water and then rinsed in distilled water. The fruits were cut
into thin slices and dried in an electric oven and powdered in mechanical grinder which was stored in an airtight
container at 5°C until further use. The powdered fruits were subjected to delipidation using petroleum ether (60-80° C)
overnight to selectively remove the lipids. The delipidated fruits extract was subjected to soxhalation using ethanol. The
ethanolic extract of the fruits was filtered, dried and weighed and the yield was around 26%.

2.4. Phytochemical screening

The ethanolic extract of immature palm fruits was subjected to phytochemical screening such as alkaloids, flavonoids,
glycosides, saponins, tannins, phytosterols, triterpenoids, anthraquinones and phenols [19,20].The experiments were
conducted in triplicates to validate the data obtained.
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2.5. Toxicity and dosage fixation studies

The acute toxicity of immature palm fruits extract was studied in control rats according to OECD guideline 423 [21].
Graded doses of fruits extract was dissolved in water and administered orally and the animals were observed
continuously for the first 2 hours followed by every hour up to 6 hours and daily thereafter for fourteen days for any
signs of morbidity, mortality and behavioral changes. Similarly based on the reports available in the literature, graded
doses of immature palm fruits (100, 200, 300, 400, 500 mg/kg b.w.) were administered to HFD - low dose STZ induced
diabetic rats for various periods of treatment [22]. From the data obtained, the optimum dosage was fixed as 400 mg/kg
b.w. for 30 days.

2.6. Experimental animals

Male Wistar rats weighing about 160-180 g, procured from Tamilnadu Veterinary and Animal Sciences University,
Chennai, India, were housed in clean, sterile, polypropylene cages (38x23x15 cm) under standard vivarium conditions.
The animals were allowed free access to standard rat chow diet (Hindustan Lever Ltd., India) or high fat diet as the case
may be and water adlibitum. The composition of the standard rat diet includes 5% fat, 21% protein, 55% nitrogen-free
extract and 4% fiber (w/w) with adequate minerals and vitamins for the animals. The animals were acclimatized to the
laboratory conditions for two weeks before the commencement of experiments. The animal experiments were designed
and conducted in accordance with the current ethical norms approved by Ministry of Social Justices and Empowerment,
Government of India and Institutional Animal Ethical Committee Approval (IAEC No.04/01/2014).

2.7. High fat diet fed - low dose streptozotocin induced diabetes

The rats were divided into two dietary regimens either by feeding normal or high fat diet for two weeks [23]. After two
weeks of dietary manipulation, the groups of rats fed with HFD were injected intraperitoneally with a low dose of STZ
(35 mg/kg b.w) dissolved in 0.1M ice cold citrate buffer, pH 4.5. One week after STZ injection, the rats were analyzed
for fasting blood glucose levels. The rats with fasting blood glucose (FBG) >250mg/dl that exhibited random
hyperglycemia and glycosuria were chosen for further studies. The rats were allowed to continue to feed on their
respective diets until the end of the experiments.

2.8. Experimental Protocol

The animals were divided into four groups, comprising a minimum of six animals in each group as follows:

Group 1 - Control rats.

Group 2 - HFD+STZ (i.p. 35mg/kg b.w.) induced diabetic rats.

Group 3 - Diabetic rats treated with immature palmyra palm fruits extract (400 mg/kg b.w./day)
orally for 30 days.

Group 4 - Diabetic rats treated with metformin (200 mg/ kg b.w./day) in aqueous solution
orally for 30 days.

During the experimental period, food and fluid consumption were recorded at regular intervals. At the end of the
treatment period, the rats were fasted overnight, anesthetized and sacrificed by cervical decapitation. The blood was
collected with and without anticoagulants for the separation of plasma and serum respectively.

2.9. Oral glucose tolerance test (OGTT)

Overnight fasted rats of all groups were subjected to oral glucose tolerance test on the last day of the experimental
period. The blood glucose levels were monitored at 0, 30, 60, 90 and 120 min. using One Touch glucometer (Life scan,
Johnson and Johnson Company) after oral administration of 2 g/kg b.w. glucose as aqueous solution. The insulin
resistance developed in the experimental animals was evaluated by a homeostasis model of insulin resistance (HOMA-
IR) [24]. The HOMA-IR was calculated using the formula.

HOMA-IR= Fasting insulin level (uU/mL) x Fasting blood glucose (mg/dl) /405
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2.9.1. Biochemical parameters

Blood glucose concentration was measured by the glucose oxidase method [25]. Plasma insulin and C-peptide were
assayed using an ELISA kit for rats (Linco Research, Inc., USA). The levels of hemoglobin and glycosylated hemoglobin
were estimated according to methods of Drabkin and Austin (1932) [26] and Nayak and Pattabiraman (1981) [27],
respectively. Urine strips were used for the detection of sugar in the urine. Plasma protein and blood urea contents were
determined by the method of Lowry et al,, (1951) [28] and Natelson et al. (1951) [29] respectively. Serum creatinine
and uric acid levels were determined by the method of Brod and Sirota, (1948) [30] and Caraway (1963) [31]
respectively. The activity of Aspartate transaminase (AST), Alanine transaminase (ALT) and Alkaline phosphatase (ALP)
were assayed by the method of King (1965(a,b)) [32, 33].

2.10. Assay of key enzymes of carbohydrate metabolism

The liver tissue homogenate was centrifuged at 10,000 rpm to remove the debris and the supernatant was used as the
enzyme source for the assay of hexokinase [34], pyruvate kinase [35], glucose-6-phosphatase [36], fructose-1, 6-
bisphosphatase [37], glucose-6-phosphate dehydrogenase[38], glycogen synthase [39] and glycogen phosphorylase
[40]. Another portion of wet liver tissue was used for the estimation of glycogen content [41].

2.11. Statistical analysis

All the data obtained were grouped and statistically evaluated with the aid of SPSS 16.0 software. Hypothesis testing
methods included ‘One-way analysis of variance’ followed by ‘least significant difference test’ was used. A value of P <
0.05 was considered to indicate statistical significance. All results were expressed as mean * Standard error mean
(S.E.M) for six rats in each group.

3. Results and discussion

Phytochemical screening shows the presence of biologically active phytochemicals such as alkaloids, flavonoids,
glycosides, saponins, tannins, phytosterols, and phenols in the immature Palmyra palm fruits extract. Phytochemicals
are ecologically derived non-nutrient bioactive compounds produced by the plants to protect them from environmental
stress such as drought, extreme cold and pathogenic microbes. Interestingly, the phytochemicals possess the ability to
exert pharmacological as well as several beneficial effects on human health. The preliminary phytochemical screening
forms the source for the quantitative estimation, extraction and identification of bioactive constituents present in
various parts of medicinal plants. The qualitative analysis of the fruits extract evidenced that the immature fruits contain
most of the imperative bioactive principles which readily accounts for its folklore medicinal claims. The results obtained
are in accordance with the earlier reports on palm mesosperms [42, 43].

The total phenolic and flavonoid contents in the fruits extract and were found to be 104.00 + 0.02 pg gallic acid
equivalents/100mg of fruits extract and 98.45 + 0.03 pg quercetin equivalents/100mg of fruits extract, respectively.
Phenols are considered as vital plant constituents because of their free radicals scavenging ability which in turn due to
the presence of one or more hydroxyl groups in them [44]. Similarly, flavonoids are an important group of polyphenols
widely distributed among the plant flora and containing a benzopyrone that is used as antioxidants or free radicals
scavengers [45]. The significant levels of total phenolic and flavonoid contents provide further evidence for the presence
of biologically active phytoingredients in the ethanolic extract of immature palm fruits [17].

The results of the toxicity and dosage fixation studies revealed that the fruits extract is non-toxic up to 2 g/kg b.w. and
the fruit extract showed dose-dependent hypoglycemic activity in HFD-STZ diabetic rats. Based on the results obtained,
the optimum dosage was fixed as 400 mg/ kg/b.w/rat/day for 30 days. The changes in body weight in control and
experimental groups of rats are shown in Figure 1. Diabetic group of rats showed a significant reduction in body weight
when compared with the control group of rats. There was a significant improvement in body weight in diabetic rats
after oral administration of immature palm fruits extract as well as metformin for 30 days. Induction of diabetes with
HFD-STZ is associated with the characteristic loss of body weight, which is due to increased muscle wasting and
catabolism of tissue proteins, which was also observed in the present study [46]. The improvement in the body weight
observed in diabetic group of rats treated with the fruits extract indicates the maintenance of glucose homeostasis by
controlling the muscle wasting.
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Figure 1 Effect of immature palm fruits extract on body weight gain in experimental groups of rats

Figure 2 shows the blood glucose levels of control and experimental groups of rats after an oral glucose load. After the
oral glucose load, blood glucose levels peaked at 60 min and then gradually declined to near physiological levels at 120
min indicating the maintenance of normoglycemia in control group of rats, whereas, in the case of STZ-induced
experimental type 2 diabetic group of rats, the peak increase in blood glucose concentration was observed after 60 min
and remained high over the next 60 min. Oral administration of fruits extract to HFD-STZ induced diabetic rats showed
a statistically significant decrease in blood glucose concentration at 60 and 120 min indicating its blood glucose
lowering efficacy which in turn may be due to the insulin stimulatory or insulin mimetic properties of the fruits extract
and the efficacy was comparable with metformin. The oral glucose tolerance test (OGTT) is an established measure of
effective glucose utilization by the system that generally aids in the early diagnosis of diabetes [47]. Impaired glucose
tolerance (IGT) due to pancreatic dysfunction results in the defective utilization of glucose by the tissues and increased
hepatic gluconeogenesis.
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Figure 2 The Effect of immature palm fruits extract treatment on OGTT in experimental groups of rats
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Table 1 shows the levels of blood glucose, glycosylated hemoglobin, plasma insulin and the presence of urine sugar in
control and experimental groups of rats. The elevated levels of fasting blood glucose levels observed in the diabetic
group of rats may primarily due to the excessive release of glucose from the liver by gluconeogenesis and glycogenolysis.
Liver plays an essential role in the maintenance of normal blood glucose levels and is the primary organ responsible for
endogenous glucose production. In fasting conditions, the liver produces glucose whereas, in the postprandial state, it
stores excess glucose in the form of glycogen [48]. Insulin chiefly controls hepatic glucose production by regulating the
key enzymes involved in gluconeogenesis and glycogen metabolism [49]. Dysregulation of carbohydrate metabolizing
enzymes in diabetes due to insulin deficiency and/or its resistance increase the hepatic glucose production and decrease
the storage of glucose as glycogen [50- 52]. The increased levels of glucose, glycosylated hemoglobin and decreased
plasma insulin level in experimental diabetic rats were restored to near normal levels in fruits extract as well as
metformin treated diabetic rats. The observed increase in insulin level along with decreased levels of glycosylated
hemoglobin in fruits extract treated diabetic rats, evidenced that the treatment with fruits extract improved the
pancreatic (3-cell mass and function. Urine sugar present in diabetic rats was absent in palm fruits treated diabetic rats
indicating the renoprotective nature of the fruits extract [53].

Table 1 Effect of oral treatment of immature palm fruits extract on the levels of fasting blood glucose, hemoglobin,
glycosylated hemoglobin, plasma insulin and urine sugar in experimental groups of rats after 30 days of experimental
period.

Groups Eﬁzi:sge (mg/B(;;))Od 1(12[}_[1;) Hemoglobin (%) f;;s;rln:)lnsulln Urine sugar
Control 90.26 + 4.55 6.59 £ 0.45 13.41+0.55 14.68 + 1.45 Nil

Diabetic 267.65+21.632" |12.60+1.892 |7.65+0.352 8.78+0.21 +++
Diabetic + fruits extract [104.35+9.13 b 6.11 £ 0.64 " 11.02 £ 0.35b" 11.70 + 1.79 v Nil

Diabetic + Metformin 96.53+6.78 1" 5.87+£0.78 V" 11.35+0.80 " 13.56 + 1.98 " Nil

Units are expressed as mg/dl for blood glucose, g/dl for hemoglobin, % hemoglobin for HbA1lc, pU/ml for plasma insulin, +++ indicates more than
2% sugar. Results are expressed as mean + S.E.M [n=6]. One-way ANOVA followed by post hoc test LSD. Values are statistically significant at
*P<0.05. The results were compared with 2Control rats, bPDiabetic rats

Under physiological conditions, glycosylated hemoglobin (HbA1c) is formed by the non-enzymatic, irreversible covalent
bonding of glucose with the N terminal Valine of hemoglobin in the circulation. During chronic hyperglycemia, the level
of glycosylated hemoglobin is elevated because of increased glycation of hemoglobin due to oxidative stress induced by
persistently elevated blood glucose levels. HbA1c level strongly correlates with the level of ambient glycaemia during a
two to three month period and is a single, more accurate, reliable and non- manipulative measure than fasting blood
glucose level. HbA1lc levels are also used to predict the diabetic risk of individuals. The observed increase in the level of
glycosylated hemoglobin in diabetic rats was significantly decreased upon treatment with fruits extract. This is due to
improved glucose homeostasis which is evident from FBG and plasma insulin levels thereby reducing the intensity of
glycation of hemoglobin in diabetic rats [54, 55].

Table 2 Effect of oral treatment of immature palm fruits extract on the levels of total protein, blood urea, serum uric
acid and serum creatinine in experimental groups of rats.

Groups Total. Blood Serum uric acid |Serum creatinine
protein (g/dl) |urea (mg/dl) (mg/dl) (mg/dl)

Control 7.56 £ 0.47 22.70+1.19 2.46 +0.35 0.46 £ 0.05

Diabetic 5.45+ 0.65 = 43.86 £ 4.46 " 478 +0.75 1.98 £+ 0.65 =

Diabetic +palm fruits extract |6.56+ 0.70 b* 27.65+0.95V" 2.45%0.75V" 0.89 £ 0.06 "

Diabetic + Metformin 6.60+ 0.89 b* 29.50 +£1.89 b 212 +0.12V 0.52+0.07 "

Units: g/dl for plasma protein, mg/dl for blood urea, serum uric acid and serum creatinine. Results are expressed as mean # S.E.M [n=6]. One-way

ANOVA followed by post hoc test LSD. Values are statistically significant at @ P<0.05; #P<0.01; *P<0.001. The results were compared with 2Control
rats, PDiabetic rats, cDiabetic rats treated with Metformin.

Table 2 depicts the plasma protein, blood urea, serum uric acid and creatinine levels in control and experimental groups
of rats. Hyperglycemia induces protein catabolism and elevation in the serum levels of urea, uric acid and creatinine
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which are considered as significant biochemical indices of renal dysfunction. Urea is the main end product of protein
catabolism in the body. The antidiabetic property of fruits extract may account for the observed increase in the levels
of plasma proteins. The improvement in body weight gain in diabetic rats treated with the fruits extract indicates the
improved nitrogen balance.

During the diabetic conditions, the prominent deprivation of both hepatic as well as plasma proteins leads to the
excessive accumulation of urea in the systemic circulation than its excretion. In diabetes, due to the elevated levels of
glucose, damages occur in tissues like kidney causing impairment in renal function resulting in the accumulation of
nitrogenous wastes in circulation [56]. This, in turn, elevates the levels of urea and creatinine in the blood which acts as
biochemical diagnostic markers for assessing kidney function. An increase in creatinine levels usually occurs
simultaneously with an increase in blood urea nitrogen. Serum creatinine concentration is often used as a variable not
only to assess impairment of kidney function but also as a clinical endpoint to detect treatment related toxic effects of
compounds on the kidney in experimental animals. The administration of immature fruits extract and metformin to
diabetic rats normalized the blood urea, uric acid and creatinine levels indicating the recovered renal function, which is
due to improved glycemic control. The increased levels of urea, uric acid and creatinine and reduced levels of plasma
protein in diabetic rats were significantly improved in immature palm fruits treated diabetic rats.

The HOMA-IR value calculated for the control and experimental groups of rats is presented in Figure 3. HFD-fed low
dose STZ induced diabetic rats showed a significant elevation of HOMA-IR values indicating the existence of insulin
resistance. Oral administration of immature palm fruits improves insulin sensitivity, which is evident from the results
of fasting blood glucose, plasma insulin and HOMA-IR and the efficacy was comparable with the metformin-treated
diabetic group of rats. The homeostasis model assessment of insulin resistance (HOMA-IR), originally developed by
Matthews et al. (1985) [24] has been extensively used for the assessment of insulin resistance. Insulin resistance is the
primary metabolic disorder associated with obesity and appears to be the primary mediator of metabolic syndromes
and type 2 diabetes mellitus [57].

L]
Results are expressed as mean £ SEN [ = 6], One-way ANOWA followred by post hoc test LSD was dome .,
Values are statitically signdficant at p<0.05. The resuls were ©ampared to cortrolmts and compared to dinbetic
s,

Figure 3 Effect of imumature palm fruits extract treatment on HOMA-IR

The activities of AST, ALT and ALP in the serum of control and experimental groups of rats are depicted in table 3. One
of the most sensitive and dramatic indicators of hepatocyte injury is the release of cytosolic enzymes, such as AST and
ALT in the circulation. The enzyme ALP is located in the plasma membrane and will be released into the circulation
during membrane damage [58]. Liver ALP is mobilized most rapidly into the blood and its levels in plasma may increase
at early periods of liver damage. In addition, the soluble enzymes ALT and AST are released when the injury involves
organelles such as mitochondria [59]. Several researchers reported that the elevated activities of AST, ALT and ALP
were indicative of extensive cellular damage and loss of the functional integrity of the cell membranes [60, 61]. Increase
in the levels of ALP in diabetes may be a result of leaking out from the tissue into the blood stream as a result of the
adverse effect of STZ in the liver [62]. The increased activities of hepatic marker enzymes AST, ALT and ALP in diabetic
rats were significantly reduced upon treatment with immature palm fruits as well as treated with metformin. The
elevated activities of these physiological enzymes were restored to near normal levels in fruits extract as well as
metformin treated diabetic rats.
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Table 3 The activities of Aspartate transaminase, Alanine transaminase and Alkaline phosphataseinthe control and
experimental groups ofrats

Groups AST ALT ALP
Control 11.16 £ 1.25 18.09 £ 1.47 0.18 £ 0.011
Diabetic 26.29+ 3.082" 32.78 £ 6.482" 0.67 +0.0802"

14.64 +2.42V" 23.82 +3.66" 0.27 £ 0.035""
13.03 £4.39°b" 21.31+4.07Y 0.21+0.039%"

Enzyme activities are expressed as: For AST and ALT - umoles of pyruvate/min/mg of protein; ALP - pmoles of phenol liberated/min/mg of protein.
Results are expressed as mean * S.D. [n=6]. One-way ANOVA followed by post hoc test LSD. The results were compared with 2 Control; » Diabetic
control. Values are statistically significant at * p <0.05.

Diabetic +palm fruits extract

Diabetic + Metformin

Liver plays a major role in the maintenance of glucose homeostasis through the regulation of hepatic glycogenolysis,
gluconeogenesis and decreased utilization of glucose [63]. The dysregulation of these metabolic processes forms the
fundamental factors contributing to a pathological condition termed as chronic hyperglycemia in diabetes mellitus [64].
The activities of hexokinase, pyruvate kinase and lactate dehydrogenase in the hepatic tissues of control and
experimental groups of rats were presented in Table 4. The optimal activity of these glycolytic enzymes is considered
as essential for the generation of energy in the form of ATP molecules through the oxidation of glucose. The activity of
both hexokinase and pyruvate kinase was found to be significantly decreased in the liver tissue of experimental diabetic
rats. Oral administration of immature palm fruits altered the activities of these enzymes to physiological levels. On the
other hand, the activity of lactate dehydrogenase in the hepatic tissue of the diabetic group of rats was significantly
elevated when compared to the control group of rats. The elevated activity of lactate dehydrogenase in diabetic rats was
significantly restored back to near normal upon oral treatment with immature palm fruits.

Hexokinase (HK) is the rate-limiting glycolytic enzyme that converts glucose to glucose-6-phosphate. Experimental and
clinical reports on animal models and in vitro studies demonstrated that the activity of hexokinase in hepatocytes exerts
a strong correlation on the utilization of glucose and glycogen synthesis. Insulin administration rapidly restores the
activity of hexokinase in hepatic tissues [65]. The observed decrease in the activity of hexokinase in experimental type
2 diabetic rats may be due to insulin resistance coupled with insufficiency.

Table 4 Effect of oral administration of immature palm fruits extract on the activities of hexokinase, pyruvate kinase
and lactate dehydrogenase in the liver tissues of experimental groups of rats after 30 days of treatment.

Groups Hexokinase Pyruvate kinase Lactate Dehydrogenase
Control 255.56 +17.82 214.16 + 18.44 220.22 +19.87
Diabetic 136.12 + 11.332" 125.32 £13.252" 480.87 + 31.452"

Diabetic +palm fruits extract

205.81 £17.45V"

186.58 + 19.421*

265.01 +23.22V"

Diabetic + metformin

220.37 +16.51""

193.35 £ 17.04V"

246.15 + 25.76b"

Units are expressed as: p moles of glucose-6-phosphate formed/h/mg of protein for hexokinase, mU/mg of protein for pyruvate kinase, umoles of
pyruvate formed/h/mg of protein for lactate dehydrogenase. Values are given as mean # S.D for six rats in each group. One-way ANOVA followed by
post hoc test LSD. Statistical significance was compared within the groups as follows: 2 Control rats; ® Diabetic control rats; Values are statistically
significant at * p <0.05.

Pyruvate kinase (PK) is a universally expressed enzyme that catalyses the conversion of phosphoenol pyruvate to
pyruvate with the release of ATP. The reduction in PK levels in diabetic conditions alters glucose metabolism and ATP
production, which might be promptly responsible for the reduced rate of glycolysis and augmented gluconeogenesis
[66]. Oral administration of immature palm fruits to the diabetic rats resulted in an increase in the PK activity.

Lactate dehydrogenase (LDH) is a terminal glycolytic enzyme which catalyses the interconversion of pyruvate to lactate
to yield energy under anaerobic conditions [67]. Elevated levels of LDH are observed in experimental diabetic animals
which are attributed to impaired glucose-stimulated insulin secretion [68]. Thus, the normal glucose metabolism and
insulin secretion in the B-cells are disturbed with the increased activity of LDH. Upon treatment with immature palm
fruits to diabetic rats showed a significant reduction in the LDH activity, probably due to the regulation of NAD+/NADH
ratio by the oxidation of glucose.
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Glucose-6-phosphatase, a gluconeogenic enzyme that catalyzes the dephosphorylation of glucose-6- phosphate to
glucose [69] and Fructose-1, 6- bisphosphatase is another gluconeogenic enzyme that catalyzes the dephosphorylation
of fructose-1,6- bisphosphate to fructose-6-phosphate serves as a place for the regulation of gluconeogenesis [70]. The
activities of these enzymes were significantly increased in diabetic rats when compared to normal control rats whereas
the activities of glucose-6-phosphate dehydrogenase were significantly decreased were depicted in table 5. Upon
treatment with the immature palm fruits, the activities of glucose-6-phosphatase, fructose-1, 6-diphosphatase were
found to be decreased. This might be due to increased insulin secretion and sensitivity, which is responsible for the
suppression of the activities of gluconeogenic enzymes. The glycogen content in the liver and the activities of glycogen
synthase and glycogen phosphorylase were shown in table 6.

Table 5 Activities of glucose-6-phosphatase, fructose-1, 6-bisphosphatase and glucose-6-phosphate dehydrogenase in
liver tissues of control and experimental groups of rats

Groups Glucose-6-phosphatase |Fructose-1,6- Glucose-6-phosphate
bisphosphatase dehydrogenase
Control 1042.94 + 120.61 464.85 + 25.33 507.11 +£21.82
Diabetic 1993.71 +157.08~ 819.70 £ 51.612" 258.85 +16.68="
Diabetic + palm fruits extract|1241.43 + 115.45b" 512.42 + 24.61%" 378.59 *18.02b"
Diabetic + metformin 1159.08 +112.10% 504.01 + 30.28v" 420.88 + 19.03v"

Units are expressed as: pmoles of Pi liberated /h/mg of protein for glucose-6-phosphatase and fructose-1, 6-bisphosphatase and pmoles of
NADPH/min/mg of protein for glucose-6-phosphate dehydrogenase. Values are given as mean + S.D for six rats in each group. One-way ANOVA
followed by post hoc test LSD. Statistical significance was compared within the groups as follows: 2 Control rats; » Diabetic control rats; Values are
statistically significant at * p <0.05.

Table 6 The Levels of glycogen content and the activities of glycogen synthase and glycogen phosphorylase in liver
tissues of control and experimental groups of rats.

Groups Glycogen Glycogen synthase Glycogen phosphorylase
Control 61.56 + 3.52 795.98 + 41.62 610.76 + 34.70

Diabetic 23.09 + 4.29« 513.30 + 28.452 869.53 +53.112"

Diabetic +palm fruits extract |48.59 + 4.45b" 717.23 £ 30.21b" 652.18 *+30.56b"

Diabetic + metformin 54.31 +3.02b 726.89 + 50.32b" 672.53 + 35.89Y"

Units are expressed as: mg/g wet tissue for glycogen, g moles of UDP formed/h/mg protein for glycogen synthase and pmoles Pi liberated /h/mg
protein for glycogen phosphorylase. Values are given as mean # S.D for six rats in each group. One-way ANOVA followed by post hoc test LSD.
Statistical significance was compared within the groups as follows: 2 Control rats; ® Diabetic control rats; Values are statistically significant at * p
<0.05.

The decreased glycogen content observed in diabetic rats was improved upon treatment with fruits extract and
metformin indicating the improved insulin sensitivity in the liver tissue. Glycogen is the chief intracellular storable form
of glucose and its quantity in various tissues is a direct manifestation of insulin activity as insulin supports intracellular
glycogen deposition by stimulating glycogen synthase and inhibiting glycogen phosphorylase [71]. Glycogen synthase
is a vital enzyme, which catalyzes the transfer of glucose from UDP-glucose to glycogen. Glycogen phosphorylase is a
rate-limiting enzyme of glycogenolysis and is regulated by phosphorylation and by allosteric binding of AMP, ATP,
glucose-6-phosphate and glucose [72]. During diabetic conditions, the glycogen levels, glycogen synthase activity and
responsiveness to insulin signaling are reduced and glycogen phosphorylase activity is significantly increased [73]

4, Conclusion

The present study provides scientific validation for the use of immature fruits of palmyra palm in the treatment of
diabetes and its secondary complications. The observed decrease in the levels of fasting blood glucose, insulin,
hemoglobin, glycosylated hemoglobin, urea, uric acid, creatinine along with the activities of enzymes involved in the
toxicity and regulation of carbohydrate and glycogen metabolism evidenced the nontoxic and significant antidiabetic

properties of the immature palmyra palm fruits.
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