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Background: Telfairia occidentalis (TO) has many biological activities including blood glucose regulation.
Thus, it is being used in the treatment of diabetes mellitus. TO has been shown to cause insulin-mediated
hypoglycaemia, which leads to post-hypoglycaemic hyperglycaemia. However, the mechanism involved
in the post-hypoglycaemic hyperglycaemia is still poorly understood.
Objective: This research was designed to determine the response of glucoregulatory hormones and
enzymes to TO treatment.
Methods: Thirty-five male Wistar rats were divided into seven oral treatment groups (n ¼ 5/group),
which received either of 100 mg/kg or 200 mg/kg TO for 7-, 10- or 14 days.
Results: The 7-day treatment with TO significantly increased the levels of insulin, glucagon, and glucose-
6-phosphatase (G6Pase) activity but decreased the levels of glucose, adrenaline, and glucokinase (GCK)
activity. The 10-day treatment with 100 mg/kg TO increased glucose and decreased GCK activity while
200 mg/kg for the same duration increased glucose, insulin, GCK and G6Pase activities but reduced
glucagon. The 14-day treatment with 100 mg/kg TO decreased glucose and glucagon but increased
cortisol, while 200 mg/kg TO for same duration increased insulin, but reduced glucagon and GCK activity.
Conclusion: The TO’s post-hypoglycaemic hyperglycaemia results from increased glucagon and G6Pase
activity, and reduced GCK activity. Moreover, the glucagon response mainly depends on glucose rather
than insulin.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Telfairia occidentalis Hook.f. (TO), commonly called fluted
pumpkin or fluted gourd, is a plant belonging to the family of
Cucurbitaceae that is consumed mostly in West African countries
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such as Nigeria, Ghana and Sierra Leone [1,2]. In Nigeria, TO is
known by different names among various tribes such as “iroko” or
“apiroko” in Yoruba, “ubong” in Efik, “ugu” in Igbo, “umeke” in Edo,
and “umee” in Urhobo [2]. It has been used in traditional medicine
for the treatment of malaria and convulsion attack [3]; anaemia [2];
blood and skin diseases [4]; and in the prevention of andropause
[5], among other uses.

The effect of TO on blood glucose level is contradictory, as both
hypo- and hyperglycaemic effects have been reported. For instance,
its hypoglycaemic effect and use for the treatment of blood glucose
disorders such as diabetes mellitus have been well-reported
[6e10]. Contrarily, a few studies also reported its hyperglycaemic
effect [11,12]. However, despite the numerous studies on the glu-
coregulatory effects of TO, the hypoglycaemic and/or hyper-
glycaemic mechanism(s) of TO have not beenwell-investigated.We
previously investigated the glycaemic effects of administration of
two doses (100- and 200 mg/kg) of TO for one- and twoweeks. The
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results showed reduced plasma glucose, increased levels of insulin
and cortisol as well as increased liver lactate dehydrogenase (LDH)
activity after one week of treatment but reduced insulin, increased
glucose and further increases in cortisol and LDH activity after two
weeks. Thus, we concluded that the TO-induced lowering of blood
glucose might be mediated through an increase in plasma insulin
[13]. The results also showed that TO actually produced hypo-
glycaemic effect and that the hyperglycaemia seen after prolonged
treatment for two weeks [13] or more [11] was probably due to
counter-regulation as evidenced by the increased plasma cortisol
concentration and LDH activity.

We recently investigated the effects of TO on plasma lactate and
glucose, as well as liver glycogen and glucose-6-phosphatase
(G6Pase) activity [14]. The results showed that blood glucose also
decreased after one week of treatment but increased after two
weeks [14] similar to our previous findings [13]. However, lactate,
glycogen and G6Pase activity reduced in a dose- and duration-
dependent manner after 1 and 2 weeks of treatment; suggesting
that TO may be acting through mechanisms that involve regulation
of glycolysis, lactate oxidation/gluconeogenesis, and glycogenolysis
to reduce or increase the blood glucose.

Hormones and enzymes are known to play critical roles in
glucose metabolism. While insulin has been shown to mediate the
hypoglycaemic effect of TO, information on the counter-regulatory
response viz-a-viz the role of counter-regulatory hormones; and
the hormonal and enzymatic interplay during the counter-
regulatory response to TO remains poorly understood. The only
counterregulatory hormone that has been linked with the increase
in blood glucose following long-term treatment with TO is cortisol
[13]. However, it is difficult and unreasonable to conclude that
cortisol is the only hormone involved in the increased blood
glucose following long-term treatment with TO because there are
other crucial counter-regulatory hormones such as glucagon and
adrenaline whose responses to the TO-induced lowering of blood
glucose need to be investigated.

This study aimed at investigating the responses of glucor-
egulatory hormones and enzymes to the administration of TO. Our
findings will provide a better insight into the physiological events
leading to the TO-induced changes in blood glucose.

2. Methods

2.1. Preparation of TO aqueous extract

Fresh leaves of TOwere sourced locally from a vegetable seller at
Yoruba Road, Ilorin, Kwara State, Nigeria. The plant was taken to the
Department of Plant Biology, University of Ilorin for authentication
and identification by Mr Bolu Ajayi, a curator. The sample was
deposited in the Herbarium of the University, and a voucher
number (UILH/001/1063) was issued for the specimen. The leaves
were washed with water to remove sand and other debris, air-dried
and pulverised into powder using an electric blender. A sample
weighing 110 g was soaked in 1.5 L of distilled water for about 72 h
and stirred at 1-h intervals. The mixture was sieved with a clean
white cloth, and the resultant filtrate evaporated in a water bath at
40 �C to obtain a solid greasy extract that yielded 27.27%. The
extract was properly labelled and stored in a refrigerator set at 4 �C.
The solid extract was dissolved in normal saline and used for the
study.

2.2. Experimental animals

Thirty-five (35) male Wistar rats weighing between 150 and
200 g were obtained from a private breeder in Ogbomosho, Oyo
State, Nigeria, and housed at room temperature in a wire-wooden
2

cage placed inside the Central Animal House of the Faculty of
Basic Medical Sciences, College of Health Sciences, University of
Ilorin, Nigeria. The animals had free access to normal pelleted
standard rat diet and water ad libitum and maintained on the daily
light/dark cycle. “Principles of laboratory animal care (NIH publi-
cation No. 85e23, revised 1985)” were followed. All experiments
were examined and approved by our institutional ethics commit-
tee. All necessary protocols were strictly followed to ensure the
humane treatment of the animals.
2.3. Experimental protocol

Following a previously established method for the determina-
tion of animal sample size [15], thirty-five (35) male rats were
randomly allocated by an invited neutral personwho knew nothing
about the study into 7 oral treatment groups (n ¼ 5/group) as
follows:

Group 1 (control): received only standard diet and 0.2 ml of
normal saline for 14 days.

Group 2 (100 mg/kg/7days): each rat received 100 mg/kg of TO
for 7 days.

Group 3 (100 mg/kg/10days): each rat received 100 mg/kg of TO
for 10 days.

Group 4 (100 mg/kg/14days): each rat received 100 mg/kg of TO
for 14 days.

Group 5 (200 mg/kg/7days): each rat received 200 mg/kg of TO
for 7 days.

Group 6 (200 mg/kg/10days): each rat received 200 mg/kg of TO
for 10 days.

Group 7 (200 mg/kg/14days): each rat received 200 mg/kg of TO
for 14 days.

The doses and duration of treatment used in this study have
been previously reported [14] except for the duration of 10 days.
After the last treatment for each group, the rats were fasted over-
night for 12 h. On the following day, they were sacrificed under
0.2 ml/kg of ketamine hydrochloride anaesthesia. Blood samples
were collected by cardiac puncture into heparinised bottles and
centrifuged at 3000 rpm for 10 min. Plasmawas then collected into
plain bottles, preserved at �20 �C and later used for the determi-
nation of glucose, insulin, glucagon, adrenalin and cortisol con-
centrations. Liver homogenates were made from the liver tissue
samples of each rat and used for the estimation of GCK and G6Pase
activities.
2.4. Determination of plasma glucose concentration

Plasma glucose was determined spectrophotometrically (Beck-
man Coulter DTX 880 Multimode Detector) using Fortress assay kit
(product code: BXC0102; Fortress Diagnostics Limited, Unit 2C
Antrim Technology Park, Antrim, BT41 1QS, United Kingdom)
following the manufacturer’s procedure and based on the glucose
oxidase method [16].
2.5. Estimation of plasma hormones concentrations

Insulin (product code: IN374S) and cortisol (product code:
CO103S) kits were purchased from the Calbiotech Inc., 1935 Cor-
dellCt., El Cajon, CA 92020. Glucagon (product code: E1066Ra) and
adrenaline (product code: E0545Ra) kits were purchased from the
Bioassay Technology Laboratory, 1713 Junjiang International Bldg,
218 Ningguo Rd, Yangpu Dist, Shanghai, China). All assays were
done spectrophotometrically (Beckman Coulter DTX 880 Multi-
mode Detector) following manufacturers’ procedures.
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2.6. Estimation of liver enzymes activities

The GCK activity assay was based upon the reduction of NADþ

through a coupled reaction with glucose-6-phosphate dehydroge-
nase (G6PD) and was determined spectrophotometrically (Beck-
man Coulter DTX 880 Multimode Detector) by measuring the
change in absorbance at 340 nm. One unit of activity of GCK
reduced 1 mmol of NADþ per minute at 30 �C and pH 8.0 under the
specified conditions.

Glucose-6-phosphatase (G6Pase) activity was estimated using a
kit from Elabscience Biotechnology Co. Ltd,Wuhan, Hubei Province,
China, which uses Sandwich-ELISA as the method. Briefly, the mi-
cro ELISA plate provided in the kit was pre-coated with an antibody
specific to G6Pase. Standards or samples were added to the
appropriate micro-ELISA plate wells and combined to the specific
antibody. Then a biotinylated detection antibody specific for
G6Pase and Avidin-Horseradish Peroxidase (Avidin-HRP) conjugate
were added to each microplate well and incubated. Free compo-
nents were washed away. The substrate was added to each well.
Only those wells that contain G6Pase, biotinylated detection anti-
body and Avidin-HRP conjugate appeared blue and were read
spectrophotometrically at 450 nm [14].
2.7. Data analysis

Data were analysed using SPSS version 20.0 for Windows (IBM
Corporation, Armonk, NY, USA). All values were expressed as the
Mean ± S.E.M. of the variables measured. The normality of the data
was assessed using the Shapiro-Wilk test, and the confirmation of
the data’s normality led to the use of parametric test to assess the
significant difference among groups. Significance was assessed by
the one-way analysis of variance (ANOVA), followed by a post-hoc
Least Significance Difference (LSD) test for multiple comparisons.
p-Values < 0.05 were taken as statistically significant.
3. Results

3.1. Effects of TO on plasma glucose concentration

The plasma glucose concentration was reduced in rats that
received 100 mg/kg and 200 mg/kg of TO for 7 (55.43 ± 10.79 mg/
dl; 54.66 ± 5.05 mg/dl respectively) and 14 days (48.53 ± 4.66 mg/
dl; 65.50 ± 3.60 mg/dl respectively) when compared to the control
(82.62 ± 8.16 mg/dl). However, the concentration was increased by
both 100 mg/kg (105.30 ± 2.63 mg/dl) and 200 mg/kg
(155.50 ± 20.43 mg/dl) TO at 10 days when compared to the con-
trol. When compared, the increase in plasma glucose caused by
200 mg/kg TO was higher than that caused by 100 mg/kg TO at 10
days (Fig. 1).
3.2. Effects of TO on plasma insulin concentration

In rats that received 100 mg/kg TO, the insulin concentration
increased at 7 days (0.35 ± 0.04 mIU/ml) and returned to values
similar to the control (0.13 ± 0.01 mIU/ml) at 10 (0.16 ± 0.01 mIU/ml)
and 14 (0.16 ± 0.01 mIU/ml) days. In rats that received the 200 mg/
kg TO, the insulin concentration increased at 7 (0.23 ± 0.03 mIU/ml),
10 (0.55 ± 0.02 mIU/ml), and 14 (0.27 ± 0.03 mIU/ml) days when
compared to the control (0.13 ± 0.01 mIU/ml). When compared, rats
that received 200 mg/kg TO had higher insulin concentration than
those that received 100 mg/kg TO at 10 and 14 days, but lower
insulin at 7 days (Fig. 2).
3

3.3. Effects of TO on plasma glucagon concentration

In rats that received 100 mg/kg TO, the glucagon concentration
increased at 7 days (315.40 ± 9.30 pg/ml), but returned to a level
similar to the control (209.80 ± 21.77 pg/ml) at 10 days
(238.80 ± 6.51 pg/ml) and significantly reduced further at 14 days
(130.90 ± 11.18 pg/ml). In rats that received 200 mg/kg TO, the
glucagon was also increased at 7 days (266.10 ± 24.40 pg/ml) but
reduced at 10 (130.30 ± 20.07 pg/ml) and 14 (167.30 ± 11.83 pg/ml)
days when compared to the control (209.80 ± 21.77 pg/ml). When
compared, rats that received 200 mg/kg TO had lower glucagon
concentration than those that received 100 mg/kg TO at 7 and 10
days only (Fig. 3).

3.4. Effects of TO on plasma adrenaline concentration

In rats that received 100mg/kg TO, the adrenaline concentration
decreased at 7 days (21.84 ± 3.59 ng/ml), but returned to a level
similar to the control (60.77± 6.69 ng/ml) at 10 (57.41± 3.78 ng/ml)
and 14 (57.01 ± 1.95 ng/ml) days. The 200 mg/kg TO did not cause
any significant change in the adrenaline concentration during the
administration periods when compared to control. When
compared, rats that received 200 mg/kg TO had higher adrenaline
concentration than those that received 100mg/kg TO at 7 days only
(Fig. 4).

3.5. Effects of TO on plasma cortisol concentration

In rats that received 100 mg/kg TO, the cortisol concentration
did not change at 7 (0.76 ± 0.21 ng/ml) and 10 (7.92 ± 1.57 ng/ml)
days but increased at 14 days (22.33 ± 5.30 ng/ml) when compared
to the control (6.04 ± 1.89 ng/ml). In rats that received 200 mg/kg
TO, there was no significant change in the cortisol concentrations
during the administration periods when compared to control.
When compared, rats that received 200 mg/kg TO had lower
cortisol concentration than those that received 100 mg/kg TO at 14
days only (Fig. 5).

3.6. Effects of TO on liver GCK activity

In rats that received 100mg/kg TO, the GCK activity was lower at
10 days (15.58± 0.76 U/L) but similar when compared to the control
(35.96 ± 3.80 U/L) at 7 (25.96 ± 0.83 U/L) and 14 (26.66 ± 2.66 U/L)
days. In rats that received 200 mg/kg TO, the GCK activity was
higher at 10 days (118.44 ± 17.55 U/L) but lower at 7 (14.37 ± 1.53 U/
L) and 14 (15.11 ± 1.32 U/L) days than the control. When compared,
rats that received 200 mg/kg TO had higher GCK activity than those
that received 100 mg/kg TO at 10 days only (Fig. 6).

3.7. Effects of TO on G6Pase activity

In rats that received 100 mg/kg TO, there was no significant
change in the G6Pase activity during the administration periods
when compared to control. In rats that received 200 mg/kg TO, the
G6Pase activity increased at 7 (3.91 ± 0.35 U/ml) and 10 (4.04 ± 1.05
U/ml) days, but insignificantly decreased at 14 days (0.41 ± 0.19 U/
ml) when compared to control (1.92 ± 0.56 U/ml). When compared,
rats that received 200 mg/kg had higher G6Pase activity at 7 days
but lower G6Pase actvity at 14 days than those that received
100 mg/kg of TO (Fig. 7).

4. Discussion

In the present study, there were significant reductions in the
plasma glucose of rats that received both doses of TO for 7 days and



Fig. 1. Effects of Telfairia occidentalis on plasma glucose levels in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same duration.

Fig. 2. Effects of Telfairia occidentalis on plasma insulin levels in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same duration.
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100mg/kg (but not 200mg/kg) of TO for 14 days. These findings are
consistent with the previously-reported hypoglycaemic effect of TO
[7,13,14,17e19]. We also observed surges of insulin and glucagon
and simultaneous suppression, albeit insignificant, of 2 key
4

hyperglycaemic hormones (adrenaline and cortisol) after 7-day
treatment with both doses of TO. The insulin-glucagon contest
observed during the 7-day treatment with both doses of TO led to
hypoglycaemia in favour of insulin but not hyperglycaemia in



Fig. 3. Effects of Telfairia occidentalis on plasma glucagon levels in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same
duration.

Fig. 4. Effects of Telfairia occidentalis on plasma adrenaline levels in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same
duration.
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favour of glucagon. The domineering effect of insulin was likely
because insulin increased by 180% while glucagon increased by 50%
in the 100 mg/kg treatment for 7 days, while the increases were
70% and 30% respectively in the 200 mg/kg treatment for 7 days.
This suggests that hypoglycaemia occurred even in the presence of
5

hyperglucagonaemia because of the increases in the insulin/
glucagon ratio, which made the insulin effect to dominate over that
of glucagon. The suppression of adrenaline and cortisol after 7 days
was probably because of the inhibitory and response-delaying ef-
fects of insulin on both hormones [20e22].



Fig. 5. Effects of Telfairia occidentalis on plasma cortisol levels in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same duration.

Fig. 6. Effects of Telfairia occidentalis on liver glucokinase activity in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for same
duration.
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Our observation of reduced plasma glucose in rats that received
100 mg/kg TO for 14 days in this study contradicts our previous
findings [13,14] where we observed an increase in plasma glucose
in rats that received the same dose for the same period. This conflict
led us to investigate the plasma glucose of rats after 10-day treat-
ment (between 7th e 14th day) with both doses. Interestingly,
6

glucose level increased in these groups (evenwhen compared with
the control) with accompanying return of insulin, glucagon,
adrenaline and cortisol to levels similar to control in animals that
received 100 mg/kg TO. In rats that received 200 mg/kg of TO for 10
days, the increase in blood glucose was associated with an increase
in insulin and decrease in glucagon, but the maintenance of



Fig. 7. Effects of Telfairia occidentalis on liver glucose-6-phosphatase activity in rats. *p < 0.05 vs. control; #p < 0.05 vs. animals treated with 100 mg/kg Telfairia occidentalis (TO) for
same duration.
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adrenaline and cortisol concentrations at levels similar to the
control. These suggest that there was an activation of the counter-
regulatory response to insulin-induced hypoglycaemia, which ac-
celerates the release of blood-sugar-raising hormones from the
adrenal-pituitary system, setting off a running contest between the
system and excessive insulin action. Under the recurrent stress of
hypoglycaemia, the insulin-opposing factors have been shown to
gain ascendency over insulin action and thus produce hyper-
glycaemia despite hyperinsulinism [23]. Thus, the TO-induced
changes in glucose depends mainly on the level of blood glucose
itself and the response of the counter-regulatory hormones. Also,
these findings suggest that the effect of TO is primarily hypo-
glycaemic while the post-hypoglycaemic hyperglycaemia seen af-
ter prolonged treatment with TO is due to counter-regulation
aimed at restoring glucose homeostasis.

What led to the simultaneous insulin-glucagon surge after 7-
day treatment with TO? Just like b-cell secretion, pancreatic a-
cell secretion is also regulated by glucose and insulin through GCK
as a sensor [24e26]. Glucagon suppression as insulin increases
appears to relate to insulin sensitivity in normal individuals [27,28]
while hyperglucagonaemia in the presence of hyperinsulinaemia
and hyperglycaemia is due to insulin resistance/reduced insulin
sensitivity in a-cells [29]. Moreover, the increased glucagon inhibits
high insulin secretion [30] and ameliorates the expected
hyperinsulinaemia-induced hypoglycaemia to maintain glucose
homeostasis [31]. Rizza et al. [32] had earlier reported that elevated
glucagon concentrations without accompanying appropriate in-
crease in insulin secretion can result in sustained hyperglycaemia.
Thus, there is also no doubt that sustained hyperinsulinaemia,
when unaccompanied with appropriate increases in glucagon
secretion, can result in sustained hypoglycaemia. The hyper-
glucagonaemia observed on the 7th day of treatment with both
7

doses of TO (simultaneously with insulin-induced hypoglycaemia)
was meant to initiate counter-regulatory responses, which is
consistent with previous reports that high plasma glucagon op-
poses insulin secretion and action [30], and increases adrenalin/
sympathetic activity [33e36] and cortisol level [37,38]. All these
countered the activities of insulin and probably inhibited tissue
glucose uptake, stimulated hepatic and kidney gluconeogenesis
and glycogenolysis, which could have led to the increased plasma
glucose at 10 days and also apparent increases in adrenaline and
cortisol later seen on the 10th and 14th days compared to 7th day.

Is the simultaneous insulin-glucagon increase against the b-cell
“switch-off” hypothesis”? The hypothesis proposes that sudden
cessation of insulin secretion from b-cells into the portal circulation
of the islet during hypoglycaemia is a necessary signal for the
glucagon response from downstream a-cells (which is the first line
of defence against hypoglycaemia) [39]. Banarer et al. [40]
hypothesised that defective glucagon secretion during hypo-
glycaemia in diabetic patients might be due to the lack of a switch-
off signal from the b-cell. Contrarily, Bolli et al. [41] rejected the
hypothesis by concluding that hypoglycaemia is the primary signal
for glucagon secretion independent of insulin levels. Therefore, the
present finding in which plasma glucagon rose in response to
hypoglycaemia while hyperinsulinaemia persists after 7 days of
treatment with both 100- and 200 mg/kg TO agrees with the
observation of Bolli et al. [41] and suggests that hypoglycaemia but
not b-cell switch-off of insulin secretion is the main factor that
stimulated the glucagon response. This view is supported by the
recent study of Yu et al. [42] which showed that glucose controls
glucagon secretion by directly modulating cAMP in a-cells such
that glucose-induced increase in subplasmalemmal cAMP con-
centration in the a-cells during hypoglycaemia will stimulate
glucagon secretion while a decrease in cAMP concentration during
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hyperglycaemia will inhibit glucagon secretion.
The GCK, present in the liver and pancreatic b- and aecells,

plays a critical role in hepatic glucose metabolism [43,44], espe-
cially by regulating insulin and glucagon secretion [24,26]. After
being facilitated into the liver cells [45,46], the free glucose is
phosphorylated by GCK to form G6P whose production increases as
blood glucose increases and then used in glycogenesis, the pentose
phosphate pathway, or glycolysis. Since insulin is reportedly the
primary up-regulator of the liver GCK [47,48] even independent of
blood glucose concentration [47], GCK activity was expected to
have been increased (to promote glycogenesis and prevent hyper-
glycaemia) by the hyperinsulinaemia observed with 7-day treat-
ment with both doses and 14-day treatment with 200 mg/kg TO. In
this study, GCK activity did not only decrease when there was
hyperinsulinaemia in these groups but also decreased in rats that
received 100 mg/kg TO for 10 days that had similar plasma levels of
insulin with the control. Moreover, GCK activity was decreased by
100 mg/kg TO but increased by 200 mg/kg TO while insulin and
glucagon were respectively increased and decreased by 200 mg/kg
at 10 days. These suggest that other factor(s) aside insulin might be
responsible for the modulation of GCK activity. Our data showed
that the increased plasma glucagon after 7-day treatment with
both doses of TO is responsible for the reduction in GCK activity in
these groups while the decrease in glucagon in rats that received
200 mg/kg for 10 days also led to an increase in GCK activity in this
group. These assertions are supported by a previous report that
glucagon is the primary down-regulator of GCK [47].

A reduction in GCK activity normally increases counter-
regulatory responses to hypoglycaemia in mice and humans with
diabetes [49]. A GCK-dependent glucose-sensing mechanism
operates during hypoglycaemia in both humans and mice to facil-
itate critical protective responses to falling glucose, which leads to
hypoglycaemia-associated reduction in insulin secretion and
release of the counter-regulatory hormones such as glucagon and
epinephrine [49]. Moreover, GCK is responsible for sensing blood
glucose not only by b-cells but also by other cells involved in
regulating blood glucose. In the case of a-cells, deletion of GCK from
the a-cells in mice resulted in substantial loss of glucose-induced
suppression of glucagon release [24]. Similarly, GCK within the
brain glucose-sensing areas contributes to epinephrine responses
to hypoglycaemia [49]. Therefore, the reduction in liver GCK ac-
tivity both during the decrease and increase in plasma glucose
suggests that liver GCK also plays a crucial role in counter-
regulation.

A major limitation of this study is the absence of data on a-cell
GCK activity, which would have been useful in establishing
whether there is any form of cross-talk/synergy between the liver
and a-cell GCK during counter-regulation. However, the existence
of a feedback loop between the hepatocytes (expressing the
glucagon receptor) and the pancreatic a-cells had been proposed
[50e55]. Further studies that take into cognisance the expression
and activity of both liver and a-cell GCK during counter-regulation
will shed light on the possibility of a cross-talk between them.

Liver G6Pase is a central enzyme in liver glucose production as it
catalyzes the terminal reaction of liver glucose production, the
hydrolysis of G6P generated from glycogenolysis and gluconeo-
genesis [56e58] into phosphate and free glucose, which is
consecutively released into the circulation [59e61]. Following
increasing blood glucose, such as after a meal, glucose uptake is
stimulated by insulin [62] mainly in the liver and muscle. The free
glucose in the liver is rapidly phosphorylated to glucose-6-
phosphate (G6P) by GCK and the G6P is subsequently used in
glycogenesis, the pentose phosphate pathway, or glycolysis. Thus,
the increase in G6Pase activity observed with 200 mg/kg TO for 7
and 10 days in this study might be due to its activation by
8

hypoglycaemia and glucagon earlier observed in 7 days. This is
consistent with a previous report that the G6P hydrolytic flux is
stimulated by glucagon infusion in-vivo in the rat and isolated he-
patocytes and that this activation may account by itself for a
concomitant increase in endogenous glucose production (EGP)
[63].

Glucose and insulin have been reported to reduce G6Pase gene
and mRNA expressions and these reductions dominate the over
stimulatory effect of glucocorticoids [64e69]. We noticed a sharp
fall (compared with 7 and 10 days) in the G6Pase activity of the
group treated with 200 mg/kg TO for 14 days, which we speculate
to be due to the combined effects of hyperinsulinaemia and
hypoglucagonaemia noticed on 10th and 14th days. Furthermore,
the reduction in plasma glucose towards normal after 14-day
treatment with 200 mg/kg TO might be associated with the pres-
ence of hyperinsulinaemia, hypoglucagonaemia and reduction in
G6Pase activity in this group.

The increase in plasma insulin and consequent reduction in
blood glucose caused by TO might be connected with the TO’s
tannins and saponins; both of which have well-documented
hypoglycaemic property [70e74]. In fact, saponins exert an anti-
hyperglycaemic function by increasing plasma insulin levels [75],
restoring insulin response [76], activating glycogen synthesis [77]
and inhibiting a-glucosidase activity [78]. While the present study
is limited by non-identification of the specific tannins and saponins
present in our TO extract, isolation and investigation of the com-
pounds on their effects and mechanisms on glucose metabolism
will be worthwhile in future studies.
5. Conclusion

The present study showed that the hypoglycaemic effect of TO
was mediated by insulin and that the post-hypoglycaemic hyper-
glycaemia results from the counter-regulatory effects of increased
glucagon level and G6Pase activity, and reduced GCK activity.
Moreover, plasma glucagon response toTO-induced hypoglycaemia
is mainly dependent on plasma glucose rather than insulin.
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