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ABSTRACT

The enzymes of glucose and lipid metabolism are
markedly altered in experimental diabetes. In the
present study, we investigated the combined effect
of tetrahydrocurcumin (THC) and gallic acid (GA),
on hepatic key metabolic enzymes of carbohydrate
metabolism in streptozotocin (STZ)-induced diabetic
rats. Different combination doses of THC and GA
(THC 40 and GA 10; THC 60 and GA 15 and THC
80 and GA 20 mg/kg body weight) were orally
administered to diabetic rats for 45 days, after
which activities of hexokinase, glucose-6-phosphate
dehydrogenase, glucose-6-phosphatase, fructose-
1,6-bisphosphatase, sorbitol dehydrogenase in liver
and glycogen content in liver and muscle were
assayed. The activities of gluconeogeneic enzymes
were found to significantly increase, whereas the
activities of hexokinase, glucose-6-phosphate
dehydrogenase and glycogen were found to
significantly decrease in diabetic control rats.
Combination drugs of THC and GA were able to
restore the altered enzyme activities to almost near
normal levels. Our results indicate that administration
of THC and GA to diabetic animals normalizes
blood glucose and causes marked improvement of
altered carbohydrate metabolic enzymes during
diabetes. In addition, oral administration of THC
and GA combination to diabetic rats showed a
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decrease in the level of RBC count, PCV, MCV
and MCH, while WBC count is typically increased
(leukocytosis). THC and GA combination-treated rats
showed a significant near to normal hematological
parameters levels. These biochemical observations
were supplemented by histopathological examination
of pancreas section. The combination of THC and
GA is more potent than the treatment with THC or
GA alone.

KEYWORDS: tetrahydrocurcumin, gallic acid,
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INTRODUCTION

Diabetes mellitus is a serious chronic metabolic
disorder that has a significant impact on the health,
quality of life and life expectancy of patients, as well
as on the health care system [1]. World Health
Organization (WHO) estimates that the number of
people with diabetes world-wide would be 370
million by 2030 [2]. This outlook clearly demands
strategies for the monitoring, prevention and control
of diabetes, especially the more dominating type 2
diabetes [3]. The chronic hyperglycemia of diabetes
is associated with long-term damage, dysfunction
and failure of various organs, especially the eyes,
kidneys, nerves, heart and blood vessels. Several
pathogenic processes are involved in the
development of diabetes. Both insulin resistance
and type 2 diabetes are associated with obesity,
aging, and inactivity [4].
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Millions of people will be affected by this disease
with a huge hike of 55% by 2030. Diabetes mellitus
is simply excess of blood sugar level. Pancreas
organ, a fish shaped gland with its function of
insulin secretion, is often associated with diabetes
mellitus. The burden of diabetes is high and
increasing globally day by day especially in
developing countries like India. The major long-
term complications of diabetes relate to damage to
blood vessels at both macrovascular and
microvascular levels [5]. Diabetes doubles the risk
of cardiovascular disease, and about 75% of
deaths in people with diabetes are due to coronary
artery disease. Other macrovascular morbidities
include stroke and peripheral artery disease.

Currently available drug regimens for management
of diabetes mellitus have certain drawbacks and
therefore, there is a need for safer and more effective
antidiabetic drugs. Natural products from medicinal
plants continue to form a common platform for
the discovery of new chemical entities in the
modern drug discovery programs [6]. The belief that
natural medicines are much safer than synthetic
drugs has gained popularity in recent years and
lead to tremendous growth of phytopharmaceutical
usage [7]. A wide array of plant-derived active
principles (phytochemicals) for possible use in the
treatment of type 2 diabetes mellitus has been
reported [8].

Gallic acid (GA) and Tetrahydrocurcumin (THC)
are both natural plant phenols with well-known
antioxidant and anti-inflammatory properties. THC
is one of the major colourless metabolites of curcumin.
THC has been reported to exhibit the same
physiological and pharmacological properties of
curcumin. Curcumin is rapidly metabolized during
absorption from the intestine, yielding THC,
which has shown the strongest antioxidant activity
among all curcuminoids [9]. Several studies in
experimental animals indicated that THC also
prevents cancer [10], protects against inflammation
[11], atherosclerotic lesions [9], hepatotoxicity [12],
nephrotoxicity [13] and diabetic mellitus [14].

GA, or 3,4,5-trihydroxy benzoic acid, is a plant-
derived polyphenolic compound. It has demonstrated
antidiabetic function in an animal model [15]. GA
is widely found in gallnuts, grapes, tea leaves, oak
bark strawberries, pineapples, bananas and lemons,
both in its free state and as part of the tannin

molecule. GA is abundantly present in different
berries, fruits, and grapes as endogenous plant
phenol. Wine also contains GA [16]. Apart its
antioxidative and antiinflammatory properties, GA is
also well known for its antiallergic, antimutagenic,
anticarcinogenic, antiviral, and anti-bacterial abilities
[17]. GA which is rich in many edible and herbal
plants has progressively demonstrated robust
antioxidative and anti-inflammatory activities
against metabolic disorders. GA has been reported
to be used as a dietary herbal supplement [18] and
about 30 ayurvedic formulations containing
considerable amount of GA are used for different
diseases in India [19]. GA is a strong natural
antioxidant and has the ability to combat different
reactive oxygen species [20]. GA is reported to
affect multiple pharmacological and biochemical
pathways through which it exerts a number of
biological activities including anti-inflammatory,
anti-diabetic, cardioprotective, anti-cancer and
hepatoprotective activity [21]. Several animal studies
have shown the antioxidant property and therapeutic
activity of GA in reducing hyperglycemia after
oral administration of GA to diabetic rats. The
oxidative stress biomarkers and parameters were
also significantly reduced [22-24]. GA can improve
neurological dysfunction by acting directly on the
nerve and glial cells [25].

THC and GA have been reported to produce
significant atihyperglycemic effect [26, 27]. As
the continuation of the above findings, this present
investigation represents an extensive study of
antidiabetic potential of combined effect of THC
and GA, in streptozotocin (STZ) induced diabetic
rats. Among all existing animal models of diabetes,
the STZ induced diabetic model was characterized
best and was found to develop all changes
described in patients with type 2 diabetes mellitus.

The WHO recommends the use of medicinal plants
for the future treatment of diabetes mellitus. THC
is found to be effective for maintaining healthy
blood glucose level in type 2 diabetes-induced rats
and it is confirmed in our earlier studies [28, 29].

MATERIALS AND METHODS

Animals

Adult male albino Wistar rats (8 weeks), weighing
180 to 220 g bred in the Central Animal House,
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J.J college of arts and science, Pudukkottai, aftlicted
to Bharathidasan University, Tiruchirappalli were
used. All animal experiments were approved by
the ethical committee (JJC/BC/AH/002/2025), J.J
College of arts and science and were in
accordance with the guidelines of the National
Institute of Nutrition, Indian Council of Medical
Research, Hyderabad, India. The animals were
housed in polycarbonate cages in a room with a
12 h day-night cycle, temperature of 24 £ 2 °C,
and humidity of 45 to 64%. During the whole
experimental period, animals were fed with a
balanced commercial diet (Hindustan Lever Ltd.,
Mumbai, India) and water ad libitum.

Chemicals

THC was gifted by Sabinsa Corporation, USA. GA
was purchased from Sigma chemicals company,
St Louis, USA.

Experimental induction of diabetes

Experimental animals received a freshly prepared
solution of STZ (55 mg/kg) in 0.1 M citrate buffer,
pH 4.5, injected intraperitoneally in a volume of
1 ml/kg [12, 13]. Normal rats received 1 ml citrate
buffer as vehicle. Blood glucose levels were
determined 72 hours after STZ administration. The
rats showing moderate diabetes with glycosuria
and hyperglycemia (i.e., blood glucose levels of
200-300 mg/dl) were used for the experiment.

Experimental design

In the experiment, a total of 42 rats (36 diabetic
surviving rats, 6 normal rats) were used. Body
weight of the animals was recorded and they were
divided into 7 groups of 6 animals each as follows.

In the experiment, rats were divided into 7 groups
of 6 rats each. Diabetic was induced in all the
groups except control group.

Group [ Normal rats.

Group 11 Diabetic control rats (Diabetes was
induced by intraperitoneal STZ
injection (55 mg/kg, pH 4.5in
citrate buffer solution).

Group Il : Diabetic rats administered with

combined phytochemicals THC (40
mg/kg body weight) and GA (10
mg/kg body weight) in aqueous
solution daily using an intragastric
tube for 7 weeks.

Diabetic rats administered with
combined phytochemicals THC (60
mg/kg body weight) and GA (15
mg/kg body weight) in aqueous
solution daily using an intragastric
tube for 7 weeks.

Diabetic rats administered with
combined phytochemicals THC (80
mg/kg body weight) and GA (20
mg/kg body weight) in aqueous
solution daily using an intragastric
tube for 7 weeks.

Diabetic rats given THC (80 mg /
kg body weight) in aqueous
solution daily using an intragastric
tube for 7 weeks [12].

Diabetic rats given GA (20 mg / kg
body weight) in aqueous solution
daily using an intragastric tube for 7
weeks [21].

At the end of 45 days, the rats were deprived of
food overnight and blood was collected in a tube
containing potassium oxalate and sodium fluoride
for the estimation of blood glucose, hemoglobin
and glycosylated hemoglobin. Plasma was separated
for the assay of insulin. Liver and pancreas were
dissected out, washed in ice-cold saline, and
patted dry and weighed.

Group IV :

Group V

Group VI :

Group VII :

Analytical methods

Blood glucose was estimated colorimetrically using
commercial diagnostic kits (Sigma Diagnostics (1)
Pvt Ltd, Baroda, India) [30]. Plasma insulin was
assayed by Enzyme-linked immunosorbent assay
(ELISA) using a Boehringer-Mannheim kit with an
ES300 Boehringer analyzer (Mannheim, Germany).

Hemoglobin was estimated by the method of
Drabkin and Austin [31]. Glycosylated hemoglobin
(HbA1C) was estimated by the method of Sudhakar
Nayak and Pattabiraman [32], modified by Bannon
[33]. Tissue glycogen was extracted and estimated
by the method of Morales et al. [34]. Glycogen
phosphorylase was assayed as per the method of
Krause et al. [35]. Hexokinase activity was assayed
by the method of Brandstrup et al. [36]. Fructose-
1,6-bisphosphatase was assayed by the method of
Gancedo and Gancedo [37]. Glucose-6-phosphatase
was assayed according to the method of Koida and
Oda [38]. Glucose-6-phosphate dehydrogenase was
assayed by the method of Ellis and Kirkman [39].
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Pyruvate content was estimated by the method of
Friedman and Hangen, [40]. The activity of lactate
dehydrogenase was assayed by the method of King
[41]. Hematological parameters were analyzed using
an automated analyzer (Sysmex, Kobe, Japan).

Histopathological study

The pancreas samples fixed for 48h in 10%
formal-saline were dehydrated by passing successfully
in different mixture of ethyl alcohol — water, cleaned
in xylene and embedded in paraffin. Sections of
pancreas (4-5 um thick) were prepared and then
stained with hematoxylin and eosin dye, and
mounted in neutral deparaffinated xylene (DPX)
medium for microscopic observations.

Statistical analysis

Values are expressed as Mean +SD for 6 rats. Data
were analyzed by one-way one-way analysis of
variance (ANOVA) followed by post-hoc Duncan’s
Multiple Range Test (DMRT) using SPSS ver. 20.
In the tables, mean values within the row followed
by different superscript letters (homogeneous
subsets) are statistically significant (P<0.05) and

those followed by same letters are statistically
non-significant  (P>0.05) from each other
(significant level alpha 0.05).

RESULTS

Table 1 shows the level of blood glucose, total
haemoglobin, glycosylated haemoglobin and plasma
insulin of different experimental groups. There was a
significant elevation in blood glucose level, whereas
plasma insulin levels decreased significantly in STZ
diabetic rats, compared with normal rats.
Combination of THC and GA tended to bring blood
glucose and plasma insulin towards normal.
Combination of THC (60 mg) and GA at 15 mg/kg
was significantly better than THC (40 mg/kg) and
GA (10 mg/kg); therefore, the combination of
THC (60 mg) and GA at 15 mg/kg body weight
was used in this study. The effect of combination
of THC (60 mg) and GA at 15 mg/kg was more
prominent when compared with THC or GA alone.
The diabetic control rats showed a significant
decrease in the level of total haemoglobin and
significant increase in the level of glycosylated

Table 1. Effect of THC and GA on the levels of blood glucose, plasma insulin, total haemoglobin, glycated
haemoglobin and urine sugar in normal and experimental rats.

Groups Fasting blood Plasma Total Glycated Urine
glucose insulin haemoglobin haemoglobin sugar
(mg/dl) (uWU/ml) (g/dD) (mg/g Hb)
Normal 91,55 __F7.15a 12.24 iO.Sla 14.66+0.12° 6.76+0.33° Nil
Diabetic control 282.554831° | 3974030 8.92:0.09° 12.95+0.56" -t
Diabetic + THC (40 150.43 i854c 7.87+1 310 12.24+0.07° 9.89+0.45° Trace
mg/kg) and Gallic R
acid (10 mg/kg)
Diabetic + THC (60 96.31 +622a 10.24 +0 45(l 14.56+0.11* 6.83+0.30% Nil
mg/kg) and Gallic - T
acid (15 mg/kg)
Diabetic + THC (80 98.54 i623a 10.35 +0 46a 14.52 £0.012% 6.86+0.30? Nil
mg/kg) and Gallic R
acid (20 mg/kg)
Diabetic + THC 120.13 +8.24" | 8.45+0.4" 12.030.13¢ 8.21+0.32¢ Nil
(80 mg/kg) - T
Diabetic + Gallicacid | 124 134811" | 8324030 12.14+0.12¢ 8.15+0.25¢ Nil
(20 mg/kg) - D

Values are given as mean + S.D from six rats in each group.
Values not sharing a common (a-d) letter differ significantly at p<0.05 (DMRT).

+++, > 2% sugar.
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haemoglobin. Oral administration of combination
of THC and GA to diabetic rats significantly restored
total haemoglobin and glycosylated haemoglobin
levels. In the case of normal rats, the level of
haemoglobin and glycosylated haemoglobin remained
unaltered.

Changes in body weight

The changes in body weight and food intake in
normal and experimental rats are presented in
Table 2. The body weights in THC and GA-
treated groups significantly improved at the end of
the experimental period when compared with
diabetic control group.

Carbohydrate metabolic enzymes

Table 3 depicts the activities of carbohydrate
metabolizing enzymes in liver of normal and
THC-treated diabetic rats. The activities of enzyme
hexokinase and glucose-6-phosphate dehydrogenase
were found to be decreased whereas the activities
of sorbitol dehydrogenase and gluconeogenic
enzymes: glucose-6-phosphatase, fructose-1,6-
bisphosphatase and sorbitol dehydrogenase were
significantly increased in diabetic control rats.
THC and GA administration to diabetic rats
significantly reversed the above changes when
compared to diabetic control rats.

Glycogen

Table 4 represents the effect of THC and GA on
glycogen content in liver of normal and experimental
animals. In diabetic controls, hepatic and skeletal
muscle glycogen content was decreased significantly
as compared to non-diabetic controls. Treatment
with THC and GA significantly increased the
hepatic and skeletal glycogen.

Hematological parameters

Table 5 shows that hematological parameters in
diabetes are often altered, with studies indicating
both decreased red blood cell indices, MCHC
(Mean Corpuscular Hemoglobin Concentration)
and increased white blood cell (WBC), Pressure-
Controlled Ventilation (PCV), Mean Corpuscular
Volume (MCV) and Mean Corpuscular Hemoglobin
(MCH). The combination of THC and GA treatment
to diabetic rats reversed the above changes in a
significant manner when compared to diabetic
control rats. The combination of THC and GA

was more potent than treatment with THC or GA
alone in the rats.

Histopathological observations

Histopathological section of normal rat pancreas
is shown in Fig.la. Histopathological section of
diabetic control rat pancreas showed atrophic acini,
as well as no islet cells (Fig. 1b). The above
pathological changes were reduced in rats treated
with combination of THC and GA (Fig. 1c). Diabetic
control rat’s pancreas showed preservation of islet
cells with few atrophic acini. These changes were
reduced in THC and GA-treated rats (Fig. 1d and 1e).

DISCUSSION

Global estimates suggest that three fourth of the
world population cannot afford the products of
allopathic medicine and thus, have to rely upon
the use of traditional medicines, which are largely
derived from plants [41]. For the study of
antidiabetic agents, STZ-induced hyperglycemia
in rodents is considered to be a good preliminary
screening diabetic model [42] and is widely used.
STZ is a potent methylating agent for DNA and
acts as NO donor in pancreatic cells [43].

Rasch (1980) reported that the rise in body weight
was far less in the poorly controlled diabetic rats
as compared to well-controlled diabetic rats. Similar
observation was made in this study. Loss of body
weight may be due to excessive breakdown of
tissue proteins during diabetes [44]. The daily
administration of THC and GA to STZ diabetic
rats for 45 days caused a statistically significant
increase in the body weight when compared with
diabetic control rats.

Glycosylated haemoglobin was found to be
increased over a long period of time in diabetes
[45]. Therefore, measurement of HbA1C is supposed
to be a very sensitive index for glycemic control.
In uncontrolled or poorly controlled diabetes there is
increased glycosylation of a number of proteins
including haemoglobin and a-crystalline of the
lens. During long-term diabetes the glycosylated
form of haemoglobin has altered affinity for oxygen
and this may be a factor in tissue anoxia [46].

In diabetes, the glycation and subsequent browning
(glycoxidation) reactions are enhanced by elevated
glucose levels and there is some evidence that
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Table 4. Effect of THC and GA on the levels of liver and muscle glycogen in normal and
experimental rats.

Groups Glycogen (mg/g tissue)

Liver Muscle
Normal 34.16+0.59° 6.95 +0.27
. . b b

Diabetic control 23.62+0.64 35140.15

Diabetic + THC and GA 33.29+0.73% 6.53+ 025

Diabetic + THC 27.61+0.61° 595+ 0.19°

Diabetic + GA 28.04+0.67¢ 503+ 0.14°
Values are expressed as Mean + SD for 6 rats. Statistical analysis of one-way ANOVA, post-
hoc followed by DMRT test using SPSS ver. 24. Mean values within the rows followed by
different superscript (homogeneous subsets) letters indicate statistically significant (P<0.05)
from each other groups, while same letters indicate statistically non-significant (P>0.05) from
each other groups.

Table 5. Effect of THC and GA on hematological parameters in control and experimental rats.

Parameters Normal Diabetic Diabetic + THC Diabetic + Diabetic +
control and GA THC GA
RBC (x10°/mm?) 8.42+0.15% 4.81+0.12° 8.38+0.13" 7.35+0.12°¢ 7.41+0.16°
WBC (x10° /mm®) | 8.40+0.12° 13.10+0.15° 8.45+0.11° 9.20+0.13¢ 9.10+0.14°
PCV (%) 47.254+0.96* 65.12+1.51° 48.25+1.29° 57.25+2.05°¢ 59.75+2.10¢
MCYV (famato litre) | 56.11£0.10* | 135.39+0.35° 57.56+0.62° 77.87+£1.47° 80.61£1.03¢
MCH (pico gram) 17.41£0.17° 18.55+0.28° 17.37+0.14° 19.09+0.13°¢ 19.08+0.25°
MCHC (%) 31.03+0.3° 13.70+0.17° 30.18+0.57° 24.52+0.64° 23.68+0.62°

Values are expressed as Mean + SD for 6 rats. Statistical analysis of one-way ANOVA, post-hoc followed by
DMRT test using SPSS ver. 24. Mean values within the rows followed by different superscript (homogeneous
subsets) letters indicate statistically significant (P<0.05) from each other groups, while same letters indicate
statistically non-significant (P>0.05) from each other groups.

glycation itself may induce the formation of
oxygen-derived free radicals. Studies show that
HbA1C comprises 3.4 to 5.8% of total haemoglobin
in normal red cells, but is elevated in patients with
diabetes mellitus [47]. The levels of HbA1C are
monitored as a reliable index of glycemic control
in diabetics [48]. The levels of HbA1C followed a
similar pattern in the current study; they were
elevated in diabetic control rats and the amount of
this increase is directly proportional to the fasting
blood glucose level [49]. Koening et al. [48] also
reported a 16% increase in the level of HbA1C in
diabetic patients.

The level of total haemoglobin was found to be
decreased in diabetic control group and this may

be due to increased formation of HbAI1C. This
was well correlated with earlier reports that
showed a decrease in the level of haemoglobin in
experimental diabetic rats [24, 27]. The increase
in the level of haemoglobin in animals given THC
and GA decreased the level of blood glucose.
THC and GA exhibited significant reduction in
HbAIC in diabetic rats. The extract was not only
effective in lowering blood glucose level but also
caused significant increase in plasma insulin,
which could correct other metabolic alterations. In
this context, several medicinal plants were also
reported to have the capacity of decreasing the
level of HbA1C in diabetic rats [14, 27, 28].
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Fig.1b. Diabetic control rat pancreas H & Ex 20 shows
atrophic acini, and no islet cells.

Fig.1c. Pancreas of diabetic rats treated with (THC and GA) ~ Fig.1d. Pancreas of diabetic rats treated with THC H &
H & Ex 20. Preservation of islet cells with few atrophic acini. ~ Ex 20. Preservation of islet cells in the pancreas.

Pl O

Fig.le. Pancreas of diabetic rats treated with GA H & Ex 20. Islets of Langerhans restored

Figure 1. Pancreas histopathology.
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Liver plays a pivotal role in regulating endogenous
glucose production from denovo synthesis
(gluconeogenesis) or the catabolism of glycogen
(glycogenolysis), leading to increased glucose
production in the liver, primarily contributing to
the onset of significant hyperglycemia, in particular
fasting hyperglycemia in patients with diabetes. A
relative decrease in insulin activity or reduced
hepatic responsiveness to insulin, can lead to
increased output of glucose by liver [50]. The
constant attention to the study of carbohydrate
containing components of glycoproteins (hexosamine,
sialic acid, fucose and hexose) in sub-cell
structures of living organism is explained by the
fact that they play a very important role in
different function of cells [51]. This group of
macromolecules carryout numerous biological
functions including lipid and hormone transport,
haemoglobin binding and blood coagulation.
Impaired metabolism of glycoproteins plays a
major role in the pathogenesis of diabetes mellitus
[52]. McMillan [53] reported that alterations
occur in the concentrations of various membrane-
bound carbohydrates (glycoproteins) in human
diabetes.

Lately, the quest for suitable antihyperglycemic
agents has centered on plants utilized in ancient
times, partially due to insights from traditional
medicine suggesting that natural products might
offer superior treatments compared to existing
medications [54]. Antihyperglycemic effect of
THC and GA was demonstrated in the previous
section and this section shows the antidiabetic
effect of THC and GA on key metabolic enzymes
involved in carbohydrate metabolism and
components of glycoproteins.

Diabetes mellitus is associated with a marked
reduction in the level of liver glycogen. In the
present study, hepatic and skeletal muscle glycogen
content was reduced significantly in diabetic
controls. Welihinda and Karunanayake [55] also
reported that hepatic and muscle glycogen is
reduced significantly in diabetic control rats as
compared to non-diabetic control rats. The reduced
glycogen content has been attributed to the
reduction in the activity of glycogen synthase and
increase in the activity of glycogen phosphorylase
[56]. Administration of THC and GA prevented
the depletion of glycogen content but could not

normalize it. This prevention is due to stimulation
of insulin release from [-cells [14] or due to
insulin mimetic activity of some component of
plant resulting in direct peripheral glucose uptake.

The key enzyme in the catabolism of glucose is
hexokinase, which phosphorylates glucose and
converts it into glucose-6-phosphate. It causes
initial phosphorylation of glucose after it diffuses
into liver cells. Once phosphorylated, the glucose
is temporarily trapped inside the liver cells and its
diffusion is blocked [57]. Hexokinase insufficiency
in diabetic rats can cause decreased glycolysis and
decreased utilization of glucose for energy
production [56]. In our present study hexokinase
activity was decreased in diabetic control rats.
Decrease in hepatic hexokinase has been reported
in STZ diabetic rats [56]. Administration of THC
and GA to diabetic rats enhanced the hexokinase
activity and suggests greater uptake of glucose
from blood by liver cells and increased glycolysis.
In addition, THC and GA may regulate the
activity of hexokinase by maintaining the critical
levels of glucose-6-phosphate needed to be
catabolized to produce ATP and NAD.

The activity of glucose-6-phosphate dehydrogenase,
the first regulatory enzyme of pentose phosphate
pathway was found to be decreased in the diabetic
control rats. Glucose-6-phosphate dehydrogenase
has been reported to be decreased in the diabetic
state [56]. The decrease in the activity of this
enzyme in diabetic condition may result in the
diminished functioning of hexose mono phosphate
shunt (HMP shunt) and thereby the production of
reducing equivalent such as NADH and NADPH
and increased oxidative stress [54] finally leading
to diabetic complications [58]. In our study,
administration of THC and GA increased the
activity of glucose-6-phosphate dehydrogenase
considerably.

Gluconeogenic enzymes, glucose-6-phosphatase,
the key enzyme in the homeostatic regulation of
blood glucose levels, catalyze the terminal step in
gluconeogenesis and glycogenolysis and the enzyme
is mainly found in the gluconeogenic tissues liver
and kidney, where it plays a major role in glucose
production [59] and the other enzyme, fructose-
1,6-bisphosphatase, catalyzes one of the irreversible
step in gluconeogenesis and serves as a site for the
regulation of the process [60]. The activities of these
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gluconeogenic enzymes were significantly increased
in the liver of diabetic control rats. Increased
activity of glucose-6-phosphatase in diabetic rats
enhances the synthesis of fats from carbohydrates
i.e., lipogenesis [57] and finally contribute to
increased levels of glucose in blood. Increased
hepatic glucose production in diabetes mellitus is
associated with impaired suppression of the
gluconeogenic enzyme fructose-1, 6-bisphosphatase.
In the diabetic state, several workers have observed
increased activities of gluconeogenic enzymes
[56]. Activation of gluconeogenic enzymes is due
to state of insulin deficiency since under normal
condition insulin function as a suppressor of
gluconeogenic enzymes.

Administration of THC and GA significantly
depressed the activities of gluconeogenic enzymes
in diabetic rats. The effect of THC and GA may
be primarily modulating and regulating the activities
of the two gluconeogenic enzymes, either through
regulation of cAMP or any other metabolite
activation/inhibition of glycolysis/gluconeogenesis.
The redox state of the liver cell is highly reduced
in diabetes together with the changes in the
energy state [61]. ATP levels are lowered in the
cytosol and could be the energy source for the
higher levels of gluconeogenesis in diabetic liver.
Other metabolites especially the substrates for the
glucose-6-phosphatase  and  fructose-1,  6-
bisphosphatase, glucose-6-phosphate and fructose-1,
6-bisphosphate are known to increase in the liver
during diabetes due to inhibition of hexokinase,
the main regulatory glycolytic enzyme [62]. The
level of plasma insulin was found to be increased
significantly in diabetic rats treated with THC and
GA, which may be a consequence for the
significant reduction in the level of gluconeogenic
enzymes. The reduction in the activities of
gluconeogenic enzymes can result in the
decreased concentration of glucose in blood.

The conversion of glucose to sorbitol, which is
catalyzed by aldose reductase, in the presence of
NADPH, may relate to the protection against
oxidative stress and abnormalities in NO action
[63]. NADPH levels are diminished by elevated
polyol pathway flux, impairing the glutathione
redox cycle, which is an important cellular
protection mechanism against oxygen derived free
radicals (OFR). The OFRs are markedly increased

in diabetes; if not scavenged they cause damage to
the vascular endothelium and neutralize NO [64].

SDH catalyzes the conversion of sorbitol to fructose
in the presence of NAD. Evidence has shown that
the activity of SDH was elevated in diabetic rats,
leading to increased availability of fructose and
that fructose was 10-fold better substrate than
glucose for glycosylation [65]. In the present
study, an increase in the activity of SDH in the
liver of diabetic control rats was observed.
Increased activity of SDH in alloxan diabetic rats
has been reported by Pari and Murugan [58]. As
the concentration of glucose in the liver goes up in
diabetic rats, more glucose is converted to
sorbitol. The observed elevation in the activity of
SDH in diabetic rats may have been due to the
increased availability of sorbitol. SDH activity
was found to be significantly reduced on
treatment with THC and GA. The effect produced
by THC and GA decrease in blood glucose by
increased activity of plasma insulin, which may
prevent glucose to sorbitol conversion.

The haematological indices of diabetic rats treated
with combination of THC and GA to assess its
effects on the anaemic status indicated that the Hb
and RBC levels in diabetic rats contrasted with
that of group 1 rats in a reduced proportion (Table
5). In the same way, WBC, Hb and RBC
significantly increased (p<0.05) in all test groups
compared with the untreated diabetic rats and the
positive control rats (normal group). Various
haematological indices and the immune system
have been reported to be altered during diabetes.
(Murugan and Pari [27, 28] reported the alteration
of normal haematological and biochemical values
of rats treated with THC and GA. However, the
results of this suggest that combination of THC
and GA is safe and capable of normalizing
haematological abnormalities associated with
diabetes mellitus and thus could be prescribed as
adjunct to dietary therapy and main therapy for
management of diabetes mellitus. The significant
decrease (p>0.05) in PCV, WBC, Hb and RBC
levels recorded in the diabetic rats was drastically
increased to mnear normal level following
administration of the combination of THC and
GA across the test groups. The decrease in WBC,
Hb, RBC and PCV wvalues, observed after
administration of STZ may be due to abnormal
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haemoglobin  synthesis, failure in blood
osmoregulation and plasma osmolarity [13]. The
level of RBCs and its related indices were
appreciably improved as the extract was given.
This gives credence to the ability of the combination
drugs (THC and GA) to stimulate the formation/
secretion of erythropoietin, which triggers stem
cells in the bone marrow to produce red blood
cells [14].

In our study, histopathological section of diabetic
control rat pancreas showed no islet cells. The
reaction is provoked by the increased production
of highly reactive intermediates of STZ, which are
normally detoxified by endogenous reduced
glutathione (GSH) but when present in excess,
can deplete GSH stores, allowing the reactive
intermediate to react with and destroy hepatic, and
renal cells [66]. The above pathological changes
were reduced in diabetic rats treated with THC
and GA. The histological evidence of diabetic
control rats suggests that structural alterations at
the end of 45 days are due to STZ-induced free
radical generation quite early in diabetes. Thus, in
addition to blood glucose lowering effect,
histopathological observations also support the
notion that combination of THC and GA produced
significant antihyperglycemic activity by protecting
the tissues against STZ action. The protective
effect of combination of THC and GA was more
prominent compared with either THC or GA).

CONCLUSION

In conclusion, the present study showed that
combination drugs of THC and GA positively
influence glucose levels and establish a sequential
metabolic connection through increased glycolysis
and decreased gluconeogenesis. It suggests the
possible biochemical mechanisms through which
THC and GA regulate glucose homeostasis in
diabetic condition. The combination of THC and
GA was more potent than treatment with THC or
GA alone in the rats.
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