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Glycyrrhizic Acid Improves Lipid and Glucose Metabolism in
High-Sucrose-Fed Rats

Chanchal Chandramouli?, Yong Sheau Ting?, Lam Yi Lyn?, Ton So Ha®¢, Khalid Abdul Kadir®

Abstract

Background: The alarming increase in sugar consumption world-
wide has largely contributed towards the escalating symptoms of
metabolic syndrome (MetS) such as obesity, insulin resistance and
dyslipidaemia. Reduction in lipoprotein lipase (LPL) activity leads
to dyslipidaemia, a hallmark of MetS. Increased activation of glu-
cocorticoid receptors also results in symptoms of MetS. Glycyrrhi-
zic acid (GA), a triterpenoid saponin, inhibits 11p-hydroxysteroid
dehydrogenase 1 (11B-HSD1), which leads to reduced hexose-6-
phosphate (H6PDH) activity and decreased glucocorticoids (GCs)
production. GCs induce the gene transcriptions of enzymes such
as phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-
phosphatase (G6Pase) in the gluconeogenic pathway. Studies have
indicated that triterpenoids could act as PPAR agonists and GA is
therefore postulated to restore LPL expression in the insulin resis-
tant state.

Methods: Twenty-four male Sparague Dawley rats were randomly
divided into three treatment groups (Group A, normal diet; Group
B, high-sucrose diet; Group C, high-sucrose diet with 100 mg/kg
of GA). After 28 days of treatment, the blood samples collected
were analyzed for blood glucose, serum insulin and lipid profiles
and the tissues collected were used for LPL expression, 113-HSD1,
H6PDH and PEPCK activities analysis. Statistical analysis was
done using REST9 and SPSS softwares, P < 0.05 was considered
significant.

Results: Oral administration of 100mg/kg GA to high-sucrose in-
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duced rats significantly lower blood glucose (32.2%), serum insulin
(68.4%), HOMA-IR (81.6%) (P < 0.05) and improved lipid param-
eters (P < 0.05) with no elevations in blood pressure. LPL activity
was upregulated in all tissues (P > 0.05), with significant upregula-
tion in the liver (2 fold) (P < 0.01). 118-HSD activity was lower in
all tissues in GA treated rats compared to the group on high-sucrose
diet alone (P < 0.05). Smaller elevations in HOPDH activities were
observed in the liver (14.2%), kidney (7.17%), subcutaneous adi-
pose tissue (SAT) (15.3%), abdominal muscle (AM) (18.4%) and
quadriceps femoris (QF) (15.3%). PEPCK activities were elevated
in the liver (14.9%) and kidney (7.0%) (P < 0.05) but increased in
the SAT (74.4%) and visceral adipose tissues (VAT) (142.0%) (P <
0.01). Smaller increases were observed in the hepatic (61.6%) and
renal (47.4%) G6Pase activities (P < 0.05).

Conclusions: High-sucrose feeding induced hypertension, hyper-
glycemia, insulin resistance and dyslipidemia. GA could ameliorate
these symptoms by regulating the glucose and lipid metabolism
through 11B-HSD1 inhibition and possibly PPARy agonism. GA
induced LPL expression and contributed towards a postive shift
in the lipid profiles. GA also prevented hyperglycaemia and im-
proved insulin sensitivity in the high-sucrose fed rats without caus-
ing hypertension. Thus, GA appears to be a possible therapeutic
compound in lowering the risks of developing dyslipidaemia and
possibly T2DM.

Keywords: Glycyrrhizic acid; Dyslipidaemia; Diabetes; Lipopro-
tein lipase (LPL); Phosphoenolpyruvate Carboxykinase (PEPCK);
Hexose-6-Phosphate Dehydrogenase (H6PDH); Glucose-6-Phos-
phatase (G6Pase); 13-hydroxysteroid dehydrogenase 1 (11 -HSD)

Introduction

The metabolic syndrome (MetS), also known as the insulin
resistance syndrome and syndrome X, refers to a cluster-
ing of several risk factors for atherosclerotic cardiovascu-
lar disease (CVD) and Type 2 Diabetes Mellitus (T2DM)
[1-3]. High-sucrose diet is often implicated with symptoms
of MetS which include abdominal obesity, hypertension, in-
sulin resistance and hypertriglyceridemia. Glucocorticoids
(GCs) play important roles in glucose and lipid metabolism
[4]. High-sucrose feeding may have an impact on GC metab-
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olism via their effect on 11B-hydroxysteroid dehydrogenase
1 (11B-HSD1) activity. This results in an increase in active
GCs which lead to insulin resistance (IR) and T2DM [5].

Various studies have shown that with the development
of IR, the production and activity of the enzyme lipopro-
tein lipase (LPL) is reduced [6]. LPL is a central enzyme
involved in lipid metabolism. LPL hydrolyzes the core tria-
cylglycerol (TAG) of circulating TAG-rich lipoproteins and
facilitate the entry of fatty acids into the peripheral tissues.
LPL is regulated by the upstream peroxisome proliferator ac-
tivator receptor (PPAR) [7]. Reduced LPL activity has been
shown to lead to a reduction in the lipolytic rate of the chylo-
microns and the very-low-density lipoproteins (VLDL). This
results in gradual development of hypertriglyceridaemia and
subsequently dyslipidaemia [8].

Insight on the role of LPL comes from different animal
models where LPL has either been removed using targeted
gene knockout or over-expressed in specific tissues in trans-
genic mouse lines. Within 18 hours of birth, homozygous
knockout animals showed an 80-fold increase in plasma
TAG and subsequently failed to survive [9]. This lethal ho-
mozygous phenotype could be ‘rescued’ by muscle-specific
expression of LPL [10]. Adult heterozygous LPL knockout
mice showed delayed clearance of triglyceride-rich-lipopro-
teins (TRL). However, overexpression of LPL gene in the
skeletal muscle and liver has been demonstrated to lead to IR
owing to the accumulation of TAG stores which fails to enter
the hydrolytic pathway [11]. Hence tissue specific regulation
of LPL is important for proper fuel partitioning, body weight
regulation and insulin action.

Overexpression of hexose-6-phosphate dehydrogenase
(H6PDH), phosphoenolpyruvate carboxykinase (PEPCK)
and glucose-6-phosphatase (G6Pase) were observed in
T2DM patients when GCs were found to be in excess [12,
13]. H6PDH catalyzes the first two steps of the pentose phos-
phate pathway within the endoplasmic reticulum lumen. It
has a bifunctional activity where HOPDH oxidizes glucose-
6-phosphate (G6P) to 6-phosphogluconolactone (6PGL) and
concomitantly generates reduced nicotinamide adenine di-
nucleotide phosphate (NADPH) from NADP* [14, 15]. The
conversion of inactive GCs to active GCs is catalyzed by
11B-HSD1, which utilizes NADPH generated from H6PDH
[16]. Thus, the reductase activity of 11B-HSDI1 is strongly
dependent on the availability of NADPH, which further re-
lies on GOP availability within the ER lumen [14].

GCs, as insulin antagonists, were found to inhibit the re-
lease of insulin by the pancreatic B cells in mice and disrupt
the high-frequency insulin secretion in the fasting state in hu-
man [17]. They promote free fatty acid (FFA) synthesis and
stimulate the release of lipoproteins in the liver. This leads
to fat accumulation in hepatocytes which may impair the
insulin-induced inhibition of gluconeogenesis [18]. More-
over, GCs stimulate hepatic gluconeogenesis through the ac-
tivation of glucocorticoid receptor (GR), which upregulates
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the expression of PEPCK and G6Pase, the two key enzymes
involved in gluconeogenesis. They also suppress the insulin-
dependent glucose uptake and inhibit glycogen synthesis,
resulting in reduced insulin sensitivity and elevated hepatic
glucose production. These contribute to the development of
hyperglycaemia, a characteristic of IR [19].

Currently the available classes of drugs against dyslipi-
daemia include the statins, fibrates and the NO-1886 (ibro-
lipim). While statins act on hydroxymethylglutaryl-CoA
reductase (HMG Co-A) to lower cholesterol levels, fibrates
function as PPAR agonists to induce the increase in LPL ac-
tivity [20]. On the other hand, the antidiabetic drugs avail-
able in the market include sulfonylureas, metformin and
thiazolidinediones (TZDs) [21]. TZDs promote peripheral
glucose uptake and improve insulin sensitivity in the skeletal
muscle, liver and adipose tissue [22]. Likewise, metformin
being a biguanide agent inhibits hepatic glucose production
and enhances peripheral glucose uptake, leading to ameliora-
tion of hyperglycaemia. It has been demonstrated to stimu-
late a cascade of reactions, which in turn suppresses gluco-
neogenesis through inhibition of PEPCK and G6Pase gene
expressions [23].

However, these drugs are associated with several draw-
backs. Despite the effectiveness of statins and fibrates in
hypercholestrolaemic patients, long-term consumption of
these drugs result in muscle fatigue and increased incidences
of cholesterol gallstone respectively [24]. The TZDs on the
other hand is associated with fluid retention and plasma vol-
ume expansion which lead to peripheral oedema. This in-
creases the incidence of heart failure in some patients, with
a frequency of 2.5 times greater in patients on combination
therapy with insulin [25]. On the other hand, NO-1886 has
been reported to inhibit basal and adrenocorticotrophic hor-
mone (ACTH)-induced release of steroid hormones in rat,
dog, monkey and human adrenocortical cells, resulting in
hypertrophy of the adrenal glands [26]. Metformin is also
associated with undesirable side effects such as lactic acido-
sis, renal failure and other adverse effects such as abdominal
discomfort and diarrhoea [21]. It is therefore crucial to find
an alternative LPL-raising therapeutic agent and an anti-dia-
betic drug to ameliorate dyslipidaemia and T2DM.

Glycyrrhizic acid (GA), a triterpenoid saponin, is the
primary bioactive constituent of the roots of the shrub Glyc-
yrrhiza glabra. GA and its active metabolite glycyrrhetic
acid act as a potent inhibitor of 113-HSD1 [27]. Suppression
of 11B-HSD1 favors the conversion of active GC to its inac-
tive form, resulting in reduced GCs production [28]. Such
manipulations of GC action can be targeted as a therapeutic
strategy for the treatment of T2DM [29]. More importantly,
triterpenoids have been known to act as PPAR agonists [30,
31]. This may suggest that GA could also potentially act to
activate the PPAR class of nuclear receptors and may there-
fore be proposed to be a candidate for raising LPL. Thus, GA
may be an anti-dyslipidaemic and anti-diabetic drug.
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Thus in the present study the role of GA in glucose and
lipid metabolism was investigated by determining blood
pressure, blood glucose, serum insulin, Homeostatic Model
Assessment for Insulin Resistance (HOMA-IR), TAG, FFA,
total cholesterol, LDL, HDL, LPL expression and activities
of PEPCK, H6PDH, G6Pase and 113-HSDI.

Materials and Methods
Animal treatment

The use and handling procedure of animals in this research
project had been approved by the Monash University School
of Biomedical Sciences Animal Ethics Committee (AEC
Approval Number: SOBSB/MY/2010/43). Twenty-four
male Sprague Dawley rats (Rattus novergicus) weighing be-
tween 200 - 250 g were obtained from the Animal House of
Monash University Sunway Campus and were housed indi-
vidually in polypropylene cages in a room kept at 23 °C on
a 12-hour light and dark cycle (lights on at 0600 hours and
lights out at 1800 hours). These rats were randomly segre-
gated into three groups of eight, namely groups A, B and C.
Rats from group A were fed on a normal diet with 25 g of
standard rat chow and water. Rats from group B were fed on
25 g of high-sucrose pellets and water. The high-sucrose diet
pellets were prepared by mixing powdered rat chow to cane
sugar in the ratio of 2:3. Rats from group C were also fed on
high-sucrose pellets but were orally given 100 mg/kg of GA.
Throughout the treatment period of 28 days, daily food and
fluid consumption were monitored.

Systolic blood pressure

The NIBP controller (ADInstruments, Australia) was used
to measure the systolic blood pressure of the rats. Conscious
rats were placed into a plastic restrainer of which the length
was adjusted to fit the animal comfortably while their move-
ments restricted. A tail-cuff with a pulse transducer was ap-
plied onto the tail of the restrained animal and the tail was
heated for 20 - 30 minutes using a table lamp with 60W bulb
in order to dilate the caudal arteries. Blood pressure was
measured by inflating the tail-cuff once the heart rate had
stabilised. The recording and determination of blood pres-
sure were performed using the Chart recording software and
a final reading was averaged out from at least ten consecu-
tive readings.

Sample collection

At the end of the treatment period, the rats were fasted for
12 hours prior to humane sacrifice between 0800 to 1000
hours under the influence of anaesthesia via intraperitoneal
administration of pentobarbital sodium (Nembutal) (150
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mg/kg). Blood was drawn from the cardiac ventricle via
the apex and was centrifuged at 12,000 x g for 10 minutes.
The resulting serum supernatant was then rapidly aliquot-
ed into microtubes and kept frozen at -80 °C until required
for analysis. The seven tissues of interest: liver (L), kidney
(K), heart (H), abdominal muscle (AM), quadriceps femoris
(QF) and visceral (VAT) and subcutaneous adipose tissues
(SAT) were harvested immediately following dissection.
Fractions of these tissues were placed in individual cryovi-
als (Nalgene, USA) and immediately flash-frozen in liquid
nitrogen. These fractions were then stored at -80 °C until
required for RNA analysis. Six tissues which included L, K,
AM, QF, SAT and VAT were also individually harvested and
placed in Krebs-Ringer bicarbonate (KRB) buffer (pH 7.4)
for 118-HSD activity determination. For PEPCK determina-
tion, the liver, kidneys, SAT and VAT were placed into falcon
tubes containing SmL of Tris-HCl buffer, pH 7.4 at 4 °C. For
H6PDH and G6Pase determinations, the liver, kidneys, SAT,
VAT, AM and QF tissues were placed into tubes containing
HEPES-KOH buffer, pH 7.2 at 4 °C. Further details on tis-
sue collection and processing are detailed in the respective
sections.

Blood and serum biochemical analysis

Blood glucose was determined using Trinder’s glucose oxi-
dase method while serum insulin was determined using the
Rat/Mouse Insulin ELISA Kit (Linco Research, USA). The
HOMA-IR was calculated as the product of fasting blood
glucose and serum insulin divided by 22.5 as described by
Alberts et al [32]. Serum FFA, TAG and total cholesterol
were determined using the Randox FA115 Non-Esterified
Fatty Acids kit (Randox, UK), Randox Triglycerides Kit
(Randox, UK) and Randox CH200 Cholesterol Kit (Randox,
UK) respectively. HDL-cholesterol was initially separated
from the LDL and VLDL fraction by precipitation of the
latter using the Randox CH203 HDL Precipitant (Randox,
UK). HDL-cholesterol was then determined using the afore-
mentioned cholesterol kit. LDL-cholesterol was calculated
using the levels of total cholesterol, TAG, HDL cholesterol
obtained using the Friedewald formula [33].

Real time reverse transcription polymerase chain reac-
tion (QRT-PCR) of lipoprotien lipase (LPL) gene

Total RNA was isolated from the liver, kidney, AM and QF
using the Qiagen RNeasy Mini kit (Qiagen, USA) while
Qiagen RNeasy Lipid Tissue Mini kit was used to isolate
the total RNA from adipose tissues, SAT and VAT (Qiagen,
USA). The RNA purity was determined by measuring the
absorbance of the diluted RNA at 260 and 280 nm. RNase-
free DNase treatment was performed using Promega RQl1
RNase-free DNase (Promega, USA) and cDNA synthesis
was performed using the Qiagen Omniscript Reverse Tran-
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scriptase kit (Qiagen, USA). Relative LPL expression was
determined by qT-PCR using the Comparative Ct (AACY)
Method, normalized to the BAC gene. Sequence of prim-
ers and probes specific to Rattus norvegicus LPL [GenBank:
BC081836] and BAC [Gen- Bank: BC063166] mRNA are
as follows:
LPL, forward: 5’-CAGCAAGGCATACAGGTG-3’
LPL, reverse: 5’-CGAGTCTTCAGGTACATCTTAC-3’
LPL,probe:5’<(6-FAM)TTCTCTTGGCTCTGACC(BHQ1)-3’
BAC, forward: 5’-GTATGGGTCAGAAGGACTCC-3’
BAC, reverse: 5’-GTTCAATGGGGTACTTCAGG-3’
BAC, probe: 5’(TET) CCTCTCTTGCTCTGGGC(BHQ1)-3’
Agarose gel electrophoresis was performed on ampli-
cons produced from qRT-PCR to assess primer specificity.
LPL gene expression in different tissues was determined us-
ing the 2-AACt calculation. The values of fold differences
were obtained using BAC as the endogenous reference gene
and the change in threshold value (ACt) between target and
calibrator depending on the type of comparison made. Two
types of comparison were carried out, ie (i) Group A as the
calibrator and Group B as the target; (ii) Group B as the cali-
brator and Group C as the target. Therefore, LPL expression
of all tissues in the control group was given a base value of
1.00 [34].

Protein determination

Prior to enzyme activity measurement, samples were ho-
mogenized using Heidolph DIAX 900 rotor stator homog-
enizer (Sigma-Aldrich, U.S.A) and centrifuged to obtain ap-
propriate fractions. The protein concentrations of collected
samples were determined using a modified Lowry’s method
(Bio-Rad DC Protein Assay).

Glucocorticoid (GC) quantification using high perfor-
mance liquid chromatography (HPLC)

A total of 50mg of protein was added into substrate mixtures
of 11B-HSD 1 and an excess of cofactors: 0.35mM NADP*
for 11B8-HSD Type 1, 0.2% BSA, 0.2% glucose and 5% etha-
nol. A total of 800 pl ethyl acetate was added to the tubes and
placed horizontally on an orbital shaker rotating at 100 rpm
for 30 minutes at room temperature (25 °C). Upon centrifu-
gation at 16,000 g for 10 mins , the ethyl acetate was evapo-
rated under the flow of nitrogen gas. Reverse-phase HPLC
chromatography was used to quantify the glucocorticoid,
11-dehydrocorticosterone, which is the product of the de-
hydrogenation of the substrate, corticosterone. The mobile
phase consisted of 20% methanol, 30% acetonitrile and 50%
water (v/v). The dried protein contents were resuspended
in 300 pl high performance liquid chromatography mobile
phase. The glucocorticoids were separated via reverse phase
chromatography using Waters Symmetry® C18 column (3.9
mm x 150 mm ) by a linear methanol-acetonitrile-water gra-
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dient from 10:15:75 (v/v) to 20:30:50 (v/v) in the first five
minutes followed by isocratic elution in the next five minutes
(Perkin Elmer 200 Liquid Chromatography). The Diode Ar-
ray Detector was used to measure the absorbance of the glu-
cocorticoids at 254 nm. The concentration of 11-dehydrocor-
ticosterone in the samples was determined by referring to the
absorbance values (expressed as area under curve) from the
11-dehydrocorticosterone standard curve. 1U of 113-HSD
activity was defined as one picomole of 11-dehydrocortico-
sterone produced/50mg of tissue protein used/hour.

Phosphoenolpyruvate carboxykinase (PEPCK) activity

PEPCK activities in the liver, kidneys, SAT and VAT were
determined according to a protocol by Petrescu et al [35]. A
total of 80 uL of standards and samples were added in du-
plicates into a 96-well microtitre plate. Each well contained
a reaction mixture consisting of 50 mM Tris-HCI (pH 7.4),
50 mM NaHCO,, 1 mM MnCl,, ImM phosphoenolpyruvate,
2U malate dehydrogenase and 0.25 mM NADH. The plate
was incubated at 30 °C for 3 minutes. The reaction was ini-
tiated upon the subsequent addition of 0.15 mM 2’-deoxy-
guanosine 5’-diphosphate (dGDP). The spectrometric absor-
bance was measured at 340 nm at every one minute interval
for 5 minutes. One unit of PEPCK activity was expressed as
nmoles NADH oxidized/min/mg protein.

Hexose-6-Phosphate dehydrogenase (H6PDH) activity

H6PDH assay was carried out as described by Banhegyi
et al [36]. The microsomal fractions of the liver, kidneys,
SAT, VAT, AM and QF were permeabilized with 10% Triton
X-100 prior to incubation at 22 °C for 3 minutes. A series of
NADPH standards ranging from 0.05 mM to 0.25 mM were
prepared. A total of 160 pL of standards and permeabilized
samples were added in duplicates into a 96-well microtitre
plate. Each well contained a reaction mixture of 100 pM
NADP+ and 10 uM glucose-6-phosphate (G6P). The spec-
trometric absorbance was measured at 340 nm at every one
minute interval for 5 minutes. One unit of H6PDH activity
was expressed as nmoles NADPH formed/min/mg protein.

Glucose-6-Phosphatase (G6Pase) activity

Determination of microsomal G6Pase activities in the liv-
er and kidneys was carried out according to a protocol by
Csala et al [37]. The microsomes were permeabilized with
alamethicin (0.1 mg/mg microsomal protein). A 2.5 puL of
the permeabilized samples was added to the wells of the mi-
crotitre plate prior to the addition of SmM G6P and MOPS-
KCl buffer. The reaction mixture was incubated at 37 °C for
2 minutes. The enzymatic reaction was terminated by adding
stopping reagent (3.4 mM ammonium molybdate in 0.5M
sulphuric acid, 0.52M sodium dodecyl sulphate (SDS) and
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Figure 1. Mean systolic blood pressure (mmHg) in the three groups of rats over a 4-week treatment period (*
indicates significant difference between Groups A and B (P < 0.05) and # indicates significant difference between

Groups Aand C (P < 0.05). Group A, Normal Diet; Group B,

0.6 M ascorbic acid in the proportions of 6:2:1). The reaction
mixture was further incubated at 45 °C for 20 minutes. The
absorbance was measured at 820 nm. One unit of G6Pase
activity was expressed as nmoles of inorganic phosphate
produced/minute/milligram protein.

Statistical analysis

Statistical analysis for LPL expression was performed using
the Relative Expression Software Tool (REST®) MCS Beta

High-sucrose diet; Group C, High-sucrose diet + GA.

2006. All other data were analyzed using Statistics Package
for the Social Sciences (SPSS) for Windows Version 16.0.
Data distribution was analyzed using the Kolmogorov-
Smirnov normality test. Data with parametric distribution
were then analyzed using Analysis of Variance (ANOVA)
and if the results were significant, a Post Hoc Scheffe test
was performed. Data with nonparametric distribution was
analyzed using Kruskall-Wallis test. All data in this study
were found to be parametric and hence were all reported as
mean + standard error. A P-value of < 0.05 was considered to
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Figure 2. Mean blood glucose concentration (mmol/L) of rats from Groups A, B and C (** indicates P < 0.01 be-
tween groups). Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose diet + GA.
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Figure 3. Mean serum insulin (ng/mL) of rats from Groups A, B and C (* indicates P < 0.05 and ** indicates P
< 0.01 between groups). Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose diet + GA.

be statistically significant.

Results
Systolic blood pressure elevated with high-sucrose feeding

Throughout the four week treatment period, the mean systol-
ic blood pressure of Groups B and C were consistently high-

er than Group A. The mean blood pressure was significantly
elevated in Group B and Group C (110.63 + 3.47 and 112.33
+2.06 mmHg) compared to Group A which recorded 101.65
+ 3.74 mmHg (P < 0.05) in Week 4. The difference between
Groups B and C however was not significant throughout the
four weeks (P > 0.05) (Fig. 1)

GA treatment led to improved insulin sensitivity in high-
sucrose fed rats

Wk |
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Figure 4. Mean HOMA-IR of rats from Groups A, B and C (* indicates P < 0.05 and ** indicates P < 0.01 between
groups). Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose diet + GA.

130

Articles © The authors | Journal compilation © ] Endocrinol Metab and Elmer Press™

www.jofem.org



GA in Lipid and Glucose Metabolism

J Endocrinol Metab « 201 1;1(3):125-141

45

35 1

25 A

Mean concentration (mmol/fL)

15 4

05 A

TAG

Serum Lipid Profile

Total cholesterol

H GroupA

H GroupB

W Group C

HDL LDL

Figure 5. Mean serum free fatty acid (FFA), triglycerides (TAG), total cholesterol, HDL-cholesterol and LDL-
cholesterol in rats from Groups A, B and C. (* indicates P < 0.05). Group A, Normal Diet; Group B, High-sucrose

diet; Group C, High-sucrose diet + GA.

The mean blood glucose levels in groups A, B and C were
5.67 £ 0.15, 8.35 + 0.52 and 5.66 + 0.33 mM respective-
ly. Group B had a significant increase (47.3%) compared
to group A (P = 0.000, P < 0.01). There was no significant
difference between groups A and C (P =0.969, P > 0.05). A
significant difference was observed between groups B and C
(P =0.000, P < 0.01), where the mean blood glucose level
in group B was 47.5% higher than that in group C (Fig. 2).
The mean serum insulin level of groups A, B and C were
0.08 = 0.02 ng/ml, 0.95 = 0.25 ng/ml and 0.28 + 0.08 ng/ml

respectively .The highest serum insulin level was observed
in Group B. There was a significant 11.7 fold increase (P <
0.01) in Group B compared to Group A. However, the sig-
nificant increase observed in Group C was moderated to a
much lower 3.47 fold increase (P < 0.05). The difference be-
tween Groups B and C was also significant (3.39 fold, P <
0.05) (Fig. 3).

The HOMA-IR value was the highest in Group B (0.38
+ 0.09), followed by Group C (0.07 + 0.02) and Group A
(0.02 + 0.01). With high-sucrose feeding, a 17.2-fold in-
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Figure 6. Fold difference of LPL expression in different tissues using BAC as the endogenous reference, tissues
from rats fed on normal diet (Group A) as calibrator and tissues from rats fed on high-sucrose diet given GA
(Group B) as target. LPL was upregulated in liver, QF, AM and VAT and downregulated in kidney, heart and SAT (P
> 0.05). QF, quadriceps femoris; AM, abdominal muscle; SAT, subcutaneous adipose tissue; VAT, visceral adipose
tissue; Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose diet + GA.
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Figure 7. Fold difference of LPL expression in different tissues with BAC as the endogenous reference, tis-
sues from GA-administered high-sucrose-fed group (Group C) as target and tissues from high-sucrose-fed group

(Group B) as calibrator. LPL was upregulated in all tissues with significant upregulation in liver. **

indicates P <

0.01. QF, quadriceps femoris; AM, abdominal muscle; SAT, subcutaneous adipose tissue; VAT, visceral adipose
tissue; Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose diet + GA.

crease in HOMA-IR index was observed in Group B (P <
0.01) whereas, only a 3.16 -fold increase was observed in
Group C compared to Group A (P < 0.05). The 5.44 -fold
difference between Groups B and C was also significant (P
< 0.01). The lower HOMA-IR in Groups A and C indicated
higher insulin sensitivity (lower insulin resistance) in these
groups compared to Group B. (Fig. 4).

GA administration resulted in a positive shift in lipid
profiles of sucrose induced obese rats

A comparison of the lipid parameters and free fatty acids
(FFA) between Groups A, B and C is shown in Figure 5. The
mean serum FFA level of Groups A, B and C were 0.53 +
0.03 mmol/L, 0.59 + 0.07 mmol/L and 0.53 + 0.05 mmol/L
respectively. An increase was observed in Group B (11.3%),
(P=0.613, P> 0.05). GA prevented this increase in addition
to potentiating a decrease of 0.2% in Group C compared to
Group A (P =0.493, P > 0.05). A difference of 10.16% was
observed between Groups B and C (P = 0.855, P > 0.05).
However, none of these results were significant.

Mean serum triglycerides (TAG) level in Group A was
found to be lowest, 1.79 + 0.04 mmol/L. Group B with a
value of 1.99 + 0.07 mmol/L was significantly higher than
Group A, representing a 10.9% increase (P = 0.035, P <
0.05). When Group C with a value of 1.89 + 0.05 mmol/L
was compared to Group A, only an insignificant increase of
5.68% was observed (P = 0.116, P > 0.05). Group C also
had a lower TAG value of 4.74% compared to Group B (P =
0.301, P> 0.05).

Mean serum total cholesterol concentration (mmol/L)
was found to be highest in Group B (4.32 + 0.21 mmol/L)
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followed by Group A (3.99 + 0.38 mmol/L) and the lowest in
Group C, (3.75 £+ 0.14 mmol/L). With high-sucrose feeding,
an insignificant increase was observed in Group B (8.29%)
compared to Group A (P = 0.449, P > 0.05). Interestingly,
total cholesterol of rats in Group C was reduced by 6.02%
compared to Group A (P =0.536, P> 0.05) and 13.23% low-
er than Group B (P =0.034, P <0.05).

The mean serum high-density lipoprotein (HDL)cho-
lesterol of Groups A, B and C were 2.05 = 0.10 mmol/L,
1.98 £ 0.11 mmol/L and 2.23 + 0.11 mmol/L respectively. A
non-significant decrease (3.10%) was seen in Group B was
compared to Group A (P=0.291, P> 0.05). However, Group
C showed a significant increase in HDL-cholesterol (12.14%
) compared to Group B (P = 0.042, P < 0.05) while the in-
crease was insignificant (8.67%) compared to Group A (P =
0.244, P> 0.05).

The mean serum low-density lipoprotein (LDL) choles-
terol of Groups A, B and C was 1.21 + 0.14 mmol/L, 1.74
+ 0.12 mmol/L and 1.49 + 0.07 mmol/L respectively. Like-
wise, the highest increase of 43.81% was observed in Group
B (P=0.01, P<0.01) followed by a moderate insignificant
increase of 23.1% in Group C compared to Group A (P =
0.10, P> 0.05). The difference of 14.32% between Groups B
and C was insignificant (P = 0.088, P > 0.05).

Increased LPL expression in all tissues with GA treat-
ment

In comparing Group A (calibrator) and Group B (target),
LPL expression was insignificantly up-regulated in the liver
(1.12 £ 0.45 fold), QF (1.24 £ 0.94 fold), AM (1.21 = 0.70
fold) and VAT (1.23 £ 0.71) (P > 0.05). However, a non-
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Figure 8. Mean H6PDH activities in the liver, kidneys, SAT, VAT, AM and QF in the three groups of rats (* and ** indicate P <
0.05 and P < 0.01 respectively). H6PDH: hexose-6-phosphate dehydrogenase, SAT: subcutaneous adipose tissue, VAT: visceral
adipose tissue, AM: abdominal muscles, QM: quadriceps femoris muscles; Group A, Normal Diet; Group B, High-sucrose diet;

Group C, High-sucrose diet + GA.

significant down-regulation was observed in kidney (-1.30
+ (.23 fold), heart (1.32 + 0.41 fold) and SAT (-1.39 + 0.62
fold) (P > 0.05) (Fig. 6).

In contrast, comparison between Group B (calibrator)
and Group C (target) revealed that LPL expression was up-
regulated in all tissues with significant increase in the liver.
Liver demonstrated the highest increase in fold difference
upon GA treatment (2.00 + 0.34 fold). This was followed by
increase in AM (1.24 £ 0.66 fold), SAT (1.18 + 0.63 fold),
kidney (1.16 + 0.46 fold), VAT (1.08 + 0.52 fold), QF (1.02
+ (.82 fold) and heart (1.01 = 0.47 fold). However, the in-
creases were not significant in all these tissues (P > 0.05)
except for the liver (P <0.05) (Fig. 7).

Hexose-6-Phosphate dehydrogenase (H6PDH) activities
were lower in all tissues with GA treatment

The mean hepatic HOPDH activities in Groups A, B and C
were 1.06 +0.11, 1.84 £0.12 and 1.21 £+ 0.12 units while in
the kidney, the values were 6.14 £+ 0.68, 10.00 £ 1.00 and
6.58 + 0.98 units respectively. While the SAT of the three
groups demonstrated were 610.88 + 2.38, 19.66 + 1.87 and
12.54 + 1.47 units, the VAT recorded values of 16.97 + 1.01,
23.83 £2.04 and 15.59 £ 1.62 units respectively. In the ab-
dominal muscle (AM), the mean H6PDH activities were
4.14 £ 0.58, 6.66 = 0.42 and 4.90 + 0.50 units respectively
for the three groups while in the quadriceps femoris (QF)
muscle, the values were 5.44 +0.65, 10.22 +0.86 and 6.27 +
1.14 units respectively (Fig. 8)

When Group B was compared to Group A, the mean
H6PDH activities were significantly higher in the liver
(73.6%) (P =0.000, P <0.01), kidney (62.9%) (P =0.003, p
<0.01), SAT (80.7%) (P =0.009, P <0.01), VAT (40.4%) (P
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=0.009, P<0.01), AM (60.9%) (P=0.003, P<0.01) and QF
(87.9%) (P=0.001, P<0.01). Likewise, the HoPDH activi-
ties in Group B were also significantly higher than Group C,
52.1% (P =10.001, P < 0.01) in the liver, 52.0% (P = 0.024,
P <0.05) in the kidney, 56.8% (P =0. 008, P <0.01) in the
SAT, 52.9% (P = 0. 006, P < 0.01) in the VAT, 35.9% (P =
0.017, P <0.05) in the AM and 63.0% (P = 0.015, P < 0.05)
in the QF. However, no significant differences were seen be-
tween Groups A and C in all the tissues (P > 0.05).

Phosphoenolpyruvate carboxykinase (PEPCK) activities
were lower in liver and kidney and higher in SAT and
VAT with GA administration

The mean hepatic PEPCK activities in Groups A, B and C
were 7.07 £ 0.69, 10.97 = 0.49 and 8.12 + 0.63 units respec-
tively while in the kidney, the values were 9.42 + 1.02, 14.84
+ 1.76 and 10.08 £ 0.86 units respectively (Fig. 9). Group B
was significantly higher than Group A in the liver (55.2%)
(P=0.000, P <0.01) and in the kidney (57.5%) (P = 0.016,
P < 0.05). Group B also had a significantly higher PEPCK
activity in liver (35.1% ) (P = 0.003, P < 0.01) and kidney
(47.2% ) (P=0.028, P < 0.05) compared to Group C. In both
tissues, there was no significant differences between PEPCK
activities of Groups A and Group C (P> 0.05).

In the SAT, the mean PEPCK activities of Groups A, B
and C were 7.70 £ 0.96, 10.55 + 0.79 and 13.43 £ 1.00 units
respectively while in VAT it was 5.86 + 0.78, 10.22 + 0.72
and 14.18 + 1.48 units respectively. Similarly, Group B re-
corded a higher PEPCK activity in SAT (37.0%) (P = 0.038,
P <0.05) and VAT (74.4%) (P=0.001, P<0.01) compared to
Group A. Interestingly, PEPCK activity of Group C was sig-
nificantly higher than in SAT (27.3% ) (P = 0.043, P < 0.05)
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Figure 9. Mean PEPCK activities in the liver, kidneys, SAT and VAT in the three groups of rats. (* and ** indicate
P < 0.05 and P < 0.01 respectively). PEPCK: phosphoenolpyruvate carboxykinase, SAT: subcutaneous adipose
tissue, VAT: visceral adipose tissue; Group A, Normal Diet; Group B, High-sucrose diet; Group C, High-sucrose

diet + GA.

and VAT ( 38.7% )(P=0.03, P <0.05) compared to Group B.
Similarly, the difference between Groups C and A was also
significant in both SAT (74.4%) (P = 0.001, P < 0.01) and
VAT (141%) (P =0.000, P < 0.01) (Fig. 9).

Glucose-6-Phosphase (G6Pase) activities were toned
down with GA treatment

In the liver, the mean hepatic G6Pase activities in Groups A,

§

:

300

GoPase Activities (Units)
G6Pase Activities (Units)

100 <

Liver

B and C were 210.12 + 13.56, 456.04 &+ 24.63 and 310.33 +
32.47 units respectively. Group B had a significant increase
(117.0%) compared to Group A (P = 0.000, P < 0.01). The
mean hepatic G6Pase activities in Group B was approxi-
mately 47.0% higher than that in Group C (P = 0.003, P <
0.01). There was a significant increase (47.7%) in Group C
compared to Group A (P =0.018, P <0.05) (Fig. 10).

In the kidneys, the mean G6Pase activities in Groups A,
B and C were 175.60 £ 19.46, 293.64 + 29.36 and 206.59 +

HA

i C
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Figure 10. Mean G6Pase activities in kidney and liver of the three groups of rats (* and ** indicate P < 0.05 and P
< 0.01 respectively). G6Pase: glucose-6-phosphatase; Group A, Normal Diet; Group B, High-sucrose diet; Group

C, High-sucrose diet + GA.
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Figure 11. Summary of enzyme activities of 113-HSD 1 in all tissues of the three experimental groups of rats over
the 4-weeks treatment period. (* indicates P < 0.05, ** indicates P < 0.01 respectively). Group A, Normal Diet;
Group B, High-sucrose diet; Group C, High-sucrose diet + GA.

25.68 units respectively. Group B had a significant increase
(67.2%) compared to Group A (P = 0.008, P < 0.01). The
mean renal G6Pase activities in Group B was 42.1% higher
than that in Group C (P = 0.038, P < 0.05). There was no
significant difference between Groups A and C (P =0.382, P
> 0.05) (Fig. 10).

Lower 11p-Hydroxysteroid dehydrogenase (11p-HSD 1)
activities in high-sucrose fed group with GA treatment

The mean 11B-HSD 1 activities were highest in the liver tis-
sues over the 4-weeks treatment period in all three groups,
with the values of 107.88 +8.03, 219.08 + 19.72 and 119.47
+ 21.071units and in kidney the values were 26.58 + 1.47,
41.80 £ 1.59 and 32.58 + 2.06 units respectively. On the oth-
er hand, the activities in subcutaneous adipose tissues (SAT)
were observed to be 18.14 + 1.57, 55.75 + 4.98 and 42.27
+ 3.96 units while in the visceral adipose tissues (VAT), the
values were 21.22 +2.43, 149.56 + 28.10 and 53.92 + 5.01
units respectively. The abdominal muscle tissues (AM) dem-
onstrated values of 19.83 + 2.20, 28.70 + 3.24 and 12.81
+ 1.67 U respectively whereas the quadriceps femoris (QF)
tissues were 12.87 £ 1.74, 17.19 + 3.15 and 8.65 + 1.05U
respectively for the three groups (Fig. 11).

When Group B was compared to Group A, the mean
11B-HSD 1 activities was significantly increased in the liv-
er (103.08%) (P = 0.000; P < 0.01), kidney (57.23%) (P =
0.000; P < 0.01), SAT 207.31% (P = 0.00; P < 0.01), VAT
(604.95%) (P =0.002; P < 0.01, AM (44.72%) (P = 0.039;
P <0.05) and QF (49.69%) (P = 0.05; P < 0.05). All com-
parisons between Groups B and C were also significant, with
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significant increases in liver (45.47%) (P = 0.000; P < 0.01),
kidney (22.04%) (P = 0.002; P < 0.01), SAT (132.99%) (P
=0.00; P <0.01), VAT (63.95%) (P =0.009; P <0.01), AM
(55.36%) (P=0.001; P<0.01) and QF (32.78%) (P =0.031;
P <0.05).

However, when Group A was compared to Group C, a
moderate increase was observed in the liver (10.74%) (P =
0.623; P < 0.05and kidney (22.57%) (P =0.057; P> 0.05), a
significant increase was seen in SAT (24.18%) (P = 0.049; P
<0.05) and VAT (63.95%) (P =0.009; P <0.01) while a sig-
nificant decrease was observed in AM (35.40%) (P = 0.018;
P <0.05) and QF (33.62%) (P =0.206; P > 0.05).

Discussion

It has been widely accepted that high-sucrose diets lead to
undesirable metabolic abnormalities such as hypertension,
hyperglycaemia, insulin resistance and dyslipidaemia. Sev-
eral studies have utilized animal models such as rabbits [38]
mini-pigs [39], mice [40] and rats [41] fed on high-sucrose
diet to examine mechanisms underlying diabetes-accelerated
dyslipidaemia and atherosclerosis. It has been established
that overfeeding of animals with more than 50% of calories
from sucrose for approximately four weeks is sufficient to
initiate moderate obesity and often results in dyslipidaemia
and T2DM [42]. In the present study, rats were fed a high
calorie diet with high (60%) calories from sucrose obtained
from cane sugar and low amount of calories from fat and
protein for four weeks. These rats on high-sucrose diet con-
sumed significantly more calories “per day” compared to the
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controls which were fed on standard rat chow.

The increased blood pressure observed in high-sucrose
fed subjects may be attributed towards the association be-
tween hyperinsulinaemic-state and sympathetic nervous
system, accumulation of intracellular glyceraldehyde and
dihydroxyacetone phosphate and increased level of angio-
tensin converting enzyme (ACE) [43]. GA administration
has also been implicated with mineralocorticoid-like effects
characterized by sodium retention, hypokalaemia, hyperten-
sion and suppression of renin-angiotensin system and low
aldosterone level. This is due to non-selective nature of GA
which inhibits both 113-HSD1 and 11B-HSD2 [44]. How-
ever, in our present study, there was no elevation in the blood
pressure in Group C with GA administration. This suggests
that the increase in blood pressure in rats from Group C is
due to the high-sucrose intake and therefore GA adminis-
tered at 100 mg/kg for 28 days did not contribute towards
this increase.

The positive shift in lipid parameters following GA
treatment in sucrose-induced-obese rats was similar to that
previously reported by Lim et al [34] in lean rats and Eu et
al [45] in high-fat-induced obese rats. The hypertriglyceri-
daemia observed in patients with the MetS and T2DM origi-
nates from (i) lipolysis of TAG store from adipose tissue that
causes elevated FFA flux to the liver and hence, increased
hepatic TAG synthesis and (ii) inhibition of lipolysis of chy-
lomicrons and VLDL due to decreased LPL levels [8]. Our
present study indicated that GA treatment has effectively
prevented such development through induction of LPL ex-
pression in all tissues which promotes catabolism of circu-
lating TAG-rich lipoproteins. More importantly, GA induced
a significant increase in HDL levels in the sucrose-induced
obese rats. Esterification of free cholesterol is mediated by
Lecithin-cholesterol acyltransferase (LCAT) which is bound
to HDL-cholesterol. This key antiatherogenic mechanism fa-
cilitates removal of excess free cholesterol from the cells in
the peripheral tissues and is returned to the liver and excreted
in the bile [46]. Hence, various pharmacological interven-
tions have been focused on raising HDL-cholesterol levels
[47]. Thus, the increase in HDL concentration could possibly
be a more promising avenue to hinder lower coronary heart
disease (CHD) instead of lowering of LDL cholesterol [48].

Fructose, the monosaccharide component of sucrose is
highly lipogenic. Fructose provides large amount of hepatic
triose-phosphate as precursors for fatty acid synthesis. It has
indeed been observed in several studies that hepatic de novo
synthesis is stimulated after acute fructose ingestion, with
fructose contributing to the synthesis of both the glycerol-
and the fatty-acyl parts of VLDL-triglycerides [49]. Fructose
may, in addition, increase the expression of key lipogenic
enzymes in the liver [50].

Reduced LPL activities in the kidney, heart and SAT
were observed in high-sucrose fed subjects. In agreement
with our present study, LPL activities in muscle and adipose
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tissues were seen to be reduced with the onset of IR [6].
The absence of insulin-mediated suppression of lipolysis
in adipocytes by hormone sensitive lipase (HSL) promotes
the release of fatty acids which in turn inhibit LPL activity
[51]. Fatty acids, when in excess, are postulated to bind to
LPL and displace it from its binding sites, thereby, rendering
them non-functional [52]. Therefore, responses of both LPL
and hormone-sensitive-lipase (HSL) are blunted [51].

Fructose may also modulate intracellular lipid deposi-
tion known as “ectopic lipids,” i.e., deposition of TAG in
the cytoplasm of non-adipose cells, such as hepatocytes and
muscle fibers. In rodents, a high-sucrose diet rapidly in-
creased intra-hepatic fat deposition within one week and in-
tra-myocellular lipids on prolonged feeding [53]. This effect
of fructose may involve stimulation of de novo lipogenesis
through an enhanced intra-hepatic synthesis of triosephos-
phate precursors, an increased expression of lipogenic genes
and LPL in the liver and muscle tissues [54]. Overfeeding
promotes increased malonyl-CoA which in turn serves as an
immediate precursor to promote de novo fatty acid synthesis.
Malonyl-CoA also acts as an allosteric inhibitor of the rate-
limiting enzyme, carnitine palmitoyltransferase-1 (CPT-1)
in the transport of long chain acyl-CoAs (fatty acids) into
the mitochondria for B-oxidation. As a result, they are di-
verted away from mitochondrial oxidation towards biosyn-
thetic enzymes such as glycerol phosphate acyl transferase
(GPAT1), diacylglycerol acyl transferase (DGAT1) and ser-
ine palmitoyltransferase (SPT1) which promote fatty acids
re-esterification into TAGs [55].

Inhibition of 11B-HSD1 by GA caused a reduction in
active glucocorticoids and PPAR agonism properties of GA
could be the reasons for the increased LPL expression in
all tissues following GA administration. PPARa once ac-
tivated, leads to a direct up-regulation of LPL expression
and also down-regulate apolipoprotein C-III (apo- C-1II ), a
protein which inhibits TAG hydrolysis by LPL. This results
in increased fatty acid uptake and thus reduced serum TAG
level as shown by the results from our current study [56,
57]. Elevation of PPARa was observed in 113-HSD1 knock-
out mice by Morton et al [58]. PPARa is physiologically
induced by glucocorticoids and its elevation following 118-
HSD1 inhibition may have arisen from increased circulating
plasma glucocorticoids due to impaired negative feedback
from the hypothalamic-pituitary-adrenal axis [58]. There-
fore, GA-mediated direct or indirect activation of PPAR in
concert with inhibition of 118-HSD1 may have contributed
towards the upregulation of LPL expression in all tissues.

Contrary to fructose-mediated increase in LPL expres-
sion which led to tissue lipid accumulation, this GA-medi-
ated increase in LPL expression in all tissues neither lead
towards ectopic lipid depositions nor insulin resistance. In
addition, the significant upregulation of LPL activities in the
liver is probably because the liver is centrally involved in
metabolism. This may have the highest distribution of GA.

www.jofem.org



GA in Lipid and Glucose Metabolism

J Endocrinol Metab « 201 1;1(3):125-141

Studies on distribution of intravenous (IV) administered GA
on rats have confirmed that GA distribution is highest in the
liver [59] thus further supporting this postulation. Similarly,
LPL expression in the liver was significantly higher in GA-
administered rats fed on high-fat diet as well [45].

In our present study, the mean blood glucose concentra-
tion was markedly raised with sucrose feeding. This was in
accordance with studies on prolonged feeding on high-su-
crose diet which increased glucose and insulin responses to a
sucrose load [60], increased fasting glycaemia, thereby lead-
ing to hepatic insulin resistance in healthy men [61]. Insulin
resistance is closely linked to lipid metabolism disorders.
Elevated circulating FFA level and high ectopic lipid deposi-
tion in IR subjects lead to increased toxic lipid-derived me-
tabolites, such as diacylglycerol, fatty acyl CoA and cerami-
des. The presence of these metabolites in the intracellular
environment leads to higher serine/threonine phosphoryla-
tion of insulin receptor substrate-1 (IRS-1), which has been
shown to reduce insulin signaling by decreasing GLUT4
translocation to plasma membrane. This in turn reduces
insulin-stimulated glucose uptake in peripheral tissues [62].

However, this increase was moderated down in GA-
treated rats in Group C. The lower fasting blood glucose
may be due to the increased glucose uptake into the adi-
pose tissues and muscles by transporter GLUT4. Saltiel and
Kahn [63] reported that insulin sensitizing PPARy agonist
increased the expression of Cbl associating protein (CAP)
which mediates downstream signalling molecules in activat-
ing GLUT4 protein mainly in the adipose tissue due to its
high expression in this tissue. The enhanced GLUT4 activi-
ties in muscles were found to be predominantly mediated by
11B-HSD-1. According to Vegiopoulos and Herzig [64] GC-
induced IR in muscles resides in the suppression of glucose
uptake mainly through inhibiting translocation of GLUT4 to
the cell surface. Studies on 11B-HSD-1 gene knock-out mice
also suggest that 113-HSD-1 inhibition could decrease blood
glucose concentrations without risk of hypoglycaemia. Be-
sides increasing insulin-stimulated glucose uptake in tissues,
blood glucose concentration was greatly reduced due to the
decrease in hepatic glucose production. In T2DM as much as
90% of the hepatic glucose output can be due to accelerated
gluconeogenesis. Both the inhibition of 113-HSD-1 and acti-
vation of PPARy have been demonstrated to decrease expres-
sion of gluconeogenic enzymes [32]. Both actions promote
gene expressions of fatty acid binding protein (FABP), LPL,
acyl-CoA synthase (ACoAS) and PEPCK. This will lead to
increased re-esterification of FFA and enhance fat storage in
the adipose tissues. Both 113-HSDI inhibition and PPARy
activation also suppress the genes that induce lipolysis and
the release of FFAs, such as 3-adrenergic receptor, leptin
and TNF-a. This causes reduced circulating FFA levels and
amelioration of FFA-induced hepatic and peripheral IR, re-
sulting in increased hepatic and peripheral insulin sensitivity
and improved glucose disposal [65].
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Results from our present study have revealed that high-
sucrose diet resulted in higher HOPDH activities in all six
tissues. This result is in agreement with London et al [66]
who observed increased HOPDH mRNA levels in the liver
and adipose tissues of Sprague-Dawley rats. High-sucrose
increases the substrate, glucose-6-phosphate (G6P) and
the availability for HOPDH, thereby leading to increased
production of cofactor NADPH via the pentose phosphate
pathway. The increased NADPH subsequently promotes
the reductase activity of 11B-HSD1, resulting in elevated
production of active GCs [66]. This postulation is further
confirmed by elevated 113-HSD1 activity observed in all
tissues. Moreover, fructose enhances glucose phosphoryla-
tion in the liver. Fructose, derived from high-sucrose diet, is
converted to fructose-1-phosphate which then binds to glu-
cose kinase regulatory protein (GKRP) and causes the dis-
sociation of glucokinase (GK) from the glucokinase binding
protein (GKBP). GK is translocated from the nucleus to the
cytoplasm, resulting in an increase in the conversion of glu-
cose to GOP [67]. This increases the substrate availability for
H6PDH activities [68]. Lower H6PDH activities observed
in rats with GA administration is probably due to the inhibi-
tory effect of GA on 11B-HSD1. This leads to a reduction
in the generation of cofactor NADP+ thereby decreasing
the H6PDH activities [69]. GA administration leads to re-
duced PEPCK and G6Pase expression, which subsequently
decrease the rate of hepatic gluconeogenesis. GA’s activa-
tion of PPARY also improves hepatic and peripheral insulin
sensitivity and glucose uptake. Both effects of GA lead to re-
duced hepatic glycogen store and circulating blood glucose,
leading to a decrease in the production of G6P from glucose
and glycogen through glycolysis and glycogenolysis. As a
consequence, the availability of G6P for HOPDH decreases,
contributing to a reduction in H6PDH activities [69].

As aforementioned, PEPCK is a key regulatory enzyme
involved in two metabolic processes: gluconeogenesis,
which occurs in the liver and kidney, and glyceroneogenesis,
which occurs in the adipose tissues [70]. Our present study
shows elevated PEPCK activities in all tissues with sucrose
feeding. Increased expression of hepatic PEPCK gene was
also observed in diabetic mice, characterized by elevated
hepatic glucose output [71]. This could be due to increased
production of GCs which stimulates the hepatic and renal
PEPCK activities by promoting the assembly of several tran-
scription factors (TFs), hepatocyte nuclear factors (HNF-3f3
and HNF-4a), Ccaat-enhancer-binding proteins (C/EBP f)
and Forkhead box protein O1 (FOXO1), on the PEPCK gene
promoter [72]. However, Cassuto et al found that PEPCK
activities are only stimulated by GCs in the liver and kid-
neys, but are suppressed in adipose tissues [73]. Our present
results is contrary to the above, where significantly increased
PEPCK activities were observed in all tissues of Group B.
Increased PEPCK activities in SAT and VAT in group B
could be attributed to the FFA-induced activation of PPARy.
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PPARYy is predominantly expressed in adipose tissues. Dur-
ing high-sucrose feeding, elevated GC-induced lipolysis
causes activation of re-esterification to prevent an all-out
release of FFA into the bloodstream. As a consequence,
glyceroneogenesis is activated to produce G3P, which is re-
quired for fatty acid re-esterification. Under this condition,
elevated circulating FFA would activate PPARy, which binds
as a heterodimer complex with RXRa to the PPAR response
element (PPRE) on the PEPCK gene promoter. This results
in increased PEPCK gene transcription and a corresponding
increase in its activities in the adipose tissues [74].

Group C had increased hepatic and renal PEPCK activi-
ties compared to group A, but the elevations were smaller
compared to group B. This indicated the ability of GA to
improve hyperglycaemia through GC-stimulated PEPCK
activities in gluconeogenesis. GA administration leads to re-
duced production of active GCs. This results in a downregu-
lation in the PEPCK gene transcription, thereby decreasing
PEPCK activities and gluconeogenesis rate [32]. In addition,
activation of PPARy was also found to downregulate the
gene expression of PEPCK in the liver and kidneys, result-
ing in decreased gluconeogenesis [75]. GA, which is a trit-
erpenoid saponin, has been found to be an agonist of PPARy
[76]. Therefore, GA’s activation of PPARy would lead to
downregulation of PEPCK gene transcription and this would
also account for the reduced PEPCK activities observed in
GA-treated rats compared to non-GA-treated rats.

Go6Pase is mainly expressed in gluconeogenic tissues
such as the liver and kidneys. It is a membrane-bound en-
zyme with a multi-component system consisting of G6PC
and GOPT which are located in the ER [77]. Similar to
H6PDH, G6Pase requires G6P as substrate. It catalyses the
final step of gluconeogenesis and glycogenolysis, which is
the hydrolysis of G6P to glucose [78]. Following high-su-
crose feeding, an increase in 6-carbon sugars (glucose and
fructose) would increase the availability of substrate G6P
for G6Pase. This would lead to increased G6Pase activi-
ties and elevated glucose output [79]. In addition, increased
production of active GCs during high-sucrose feeding has
been found to induce the gene transcription of G6Pase. This
involves the binding of GR and cofactors to G6Pase gene
promoter and increased co-activation of PGC-1a with GR,
FOXO1 and HNF-4, which promote the G6Pase gene tran-
scription [80]. High circulating FFA has also been associ-
ated with increased G6Pase mRNA and activities in diabetic
condition. Elevated circulating FFA exerts a PPAR-depen-
dent allosteric stimulation on G6Pase, resulting in increased
G6Pase expression and gluconeogenesis [81]. Smaller eleva-
tion in G6Pase activities were observed in GA-treated rats
compared to non-treated rats on high-sucrose diet. Besides
the reduction in active GCs, another possible mechanism
which might account for reduced Go6Pase activities in the
liver and kidneys could be the actions of PPARa in improv-
ing glucose and lipid metabolism and enhancing whole body
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insulin sensitivity. Treatment with PPARa agonist was found
to significantly reduce the mRNA level of G6Pase, leading to
decreased gluconeogenesis. This suggests the possible role
of GA as a PPARa agonist in the modulation of G6Pase ac-
tivities [65].

Despite significantly higher serum insulin level in su-
crose-fed rats, insulin failed to suppress the PEPCK and
Go6Pase activities in all the studied tissues. This could be
due to reduced responsiveness of the tissues to insulin ac-
tion due to increased circulating FFA levels. This will impair
the insulin-stimulated suppression of PEPCK and G6Pase
activities [81].

Conclusion

Our study has indicated that high-sucrose feeding could in-
duce hypertension, hyperglycaemia and insulin resistance.
GA administration at a dosage of 100mg/kg for 28 days
could ameliorate these symptoms by regulating the glucose
metabolism and causing an apparent hypotriglyceridaemic
and HDL-raising effect. Upregulation of LPL expression in
all tissues may promote proper tissue partitioning of fat and
retards the development of CVD and subsequently MetS.
Moreover, selective induction of PEPCK activities and mod-
erated increase in HOPDH and Go6Pase activites accompa-
nied by improvement in insulin sensitivity were achieved
with GA administration without any hypertensive effect.
This suggests that GA could be considered as both an anti-
hyperglycaemic and anti-dyslipidaemic compound.
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