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Glycyrrhizin ameliorates insulin resistance, hyperglycemia, dyslipidemia and
oxidative stress in fructose-induced metabolic syndrome-X in rat model
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This study investigates if glycyrrhizin, a constituent of licorice (Glycyrrhiza glabra) root, is able to treat the
complications (insulin resistance, hyperglycemia, dyslipidemia and oxidative stress) of metabolic syndrome. Metabolic
syndrome was induced in rats by feeding a fructose-enriched (60%) diet for six weeks, after which single dose of
glycyrrhizin (50 mg/kg body weight) was administered intraperitoneally. Different biochemical parameters from blood were
estimated during three weeks after treatment. Then the rats were sacrificed to collect skeletal muscle tissue. Glycyrrhizin
reduced the enhanced levels of blood glucose, insulin and lipids in metabolic syndrome group. Increased advanced glycation
end products of hemoglobin, glycohemoglobin, hemoglobin-mediated iron release and iron-mediated free radical reactions
(arachidonic acid and deoxyribose degradation) in metabolic syndrome were inhibited by glycyrrhizin treatment. Reduced
activities of enzymatic antioxidants (superoxide dismutase and catalase) and elevated oxidative stress markers
(malonaldehyde, fructosamine, hemoglobin carbonyl content and DNA damage) in metabolic syndrome were reversed to
almost normal levels by glycyrrhizin. The decreased levels of peroxisome proliferator activated receptor v (PPARY) and
glucose transporter 4 (GLUT4) proteins in skeletal muscle of metabolic syndrome group were elevated by glycyrrhizin,
indicating improved fatty acid oxidation and glucose homeostasis.
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Metabolic syndrome-X is one of the important health
problems in the present world. It is a combination of
clinical abnormalities including insulin resistance,
hyperglycemia, dyslipidemia, hypertension and
obesity. The syndrome increases the risk of
cardiovascular diseases and type 2 diabetes'. It also
leads to non-alcoholic fatty liver disease interfering
with normal liver function’. Development of oxidative
stress, an imbalance in prooxidant-antioxidant status,
is the final mediator by which metabolic syndrome
contributes to different pathological complications”.
Fructose, a highly lipogenic nutrient, is a
contributor to nearly all of the classic manifestations
of metabolic syndrome. Nowadays increased fructose
consumption through high fructose corn syrup present
in soft drinks, juice beverages and pre-packaged food
increases the risk of this syndrome®. Long-term intake
of a fructose-enriched diet increases the risk of insulin
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resistance. Insulin resistance, in which the insulin
level is not reduced but its function is affected, plays a
key role in the development of metabolic syndrome’.
Insulin resistance causes reduced glucose uptake and
utilization by skeletal muscle and adipose tissues, due
to reduced level of glucose transporter 4 (GLUT4),
which is associated with insulin-regulated glucose
transport’. Increased cellular lipid content due to
reduced mitochondrial and peroxisomal B-oxidation
also reduces insulin sensitivity in metabolic
syndrome’.  Cellular  B-oxidation depends on
peroxisome proliferator activated receptor Y (PPARY),
which is a ligand activated transcription factor
belonging to the nuclear receptor superfamily. It
regulates fatty acid oxidation in peroxisome and
mitochondria. PPARY expression level decreases in
metabolic syndrome®. Therefore, improvement of
GLUT4 and PPARY levels may be a potential target in
the treatment of this syndrome.

In recent years, scientists are in search of easily
available, inexpensive therapeutics having minimum
side effects for the better treatment of diseases. For
these, phytochemicals from different herbal sources
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are being increasingly used. Licorice (Glycyrrhiza
glabra) is a widely used medicinal plant.
Glycyrrhizin, a triterpene saponin, is the major
constituent of licorice root. It has long been studied
for its medicinal activity. Takii ef al.’ have shown the
antidiabetic effect of glycyrrhizin in genetically
diabetic KK-A" mice. Recent studies have reported
the curative effect of glycyrrhizin'® or its metabolite,
18B-glycyrrhetinic acid''™"” in streptozotocin-induced
type 1 diabetes mellitus in rat model. Glycyrrhizin has
also been shown to upregulate total PPARy
expression in different tissues of normal rats'*. Eu
et al.” have shown that glycyrrhizin increases insulin
sensitivity in high fat diet-induced obese rats. These
findings have prompted us to undertake the present
study to find the effect of glycyrrhizin on fructose-
induced metabolic syndrome with respect to insulin
resistance, hyperglycemia, dyslipidemia and oxidative
stress as well as the expression of GLUT4 and PPARY.

Materials and Methods

Materials—Arachidonic acid, deoxyribose,
dinitrophenyl hydrazine (DNPH), dithiothreitol
(DTT), ferrozine, glycyrrhizin, histopaque 1077,
malonaldehyde (MDA), nitroblue tetrazoloium
(NBT), phenylmethylsulfonylfluoride (PMSF),

pyrogallol, sephadex G100, thiobarbituric acid (TBA)
and protease inhibitor cocktail were purchased from
Sigma-Aldrich, USA. Rat insulin ELISA kit and
glycohemoglobin (GHb) estimation kit were
purchased from DRG Diagnostic, Germany, and
Transasia Biomedicals, India, respectively. Kits for
estimating blood glucose, total cholesterol (TC),
triglyceride (TG) and high-density lipoprotein-
cholesterol (HDL-C) were purchased from Span
Diagnostics, India. Primary and secondary antibodies
and western blot Luminol reagent were purchased
from Santa Cruz Biotechnology, USA. Other
chemicals used in this study were of analytical grade
and obtained from SRL and E. Merck, India.

Animals—Animals were maintained in accordance
with the regulations specified and monitored by the
Institutional Animal Ethics Committee of the
Department of Biophysics, Molecular Biology and
Bioinformatics, University of Calcutta, Kolkata
(Registration number: 935/c/06/CPCSEA, 30.06.2009).
Male Wistar rats, weighing 90-100 g body weight were
obtained from university approved animal supplier.
They were housed in an animal room under controlled
conditions of 12 h light/dark cycle at
26-28 °C and 60-80% RH.

Toxicity study of glycyrrhizin—To find the toxic
effect of glycyrrhizin on normal rats, several toxicity
markers were checked. Rats were treated
intraperitoneally (ip) with different single doses of
glycyrrhizin (50, 100, and 200 mg/kg body weight in
50 mM potassium phosphate buffer, pH 7.4) with five
rats in each group. Rats were supplied normal diet and
water ad libitum. No significant hair loss or
differences in hair colour, food intake, water intake,
body weight gain, and behaviour were observed for
next 4 weeks. Different biochemical parameters
namely, serum alanine transaminase, alkaline
phosphatase, xanthine oxidase, aspartate transaminase
activities and reduced glutathione content of liver
were estimated according to the standard methods'®?.
No considerable change was found in the parameters
between normal and treated rats, indicating no
toxicity up to the dose of 200 mg/kg body weight
(unpublished data). In the present experiments,
glycyrrhizin was administered at a dose of 50 mg/kg
body weight to find its effect.

Experimental design—The experimental design is
presented in Scheme 1. Total 24 rats were divided
primarily into two groups and were maintained as
follows:

Normal control group (NC): The animals
(n = 8 rats) received a control diet and water ad
libitum.

High fructose diet group (HFD): The animals

(n = 16 rats) received a fructose-enriched diet and

water ad libitum.

The diet composition is given in Table 17". Each rat
was supplied with 10 g freshly-prepared diet during
daytime. After six weeks, the levels of fasting blood
glucose, insulin, TC and TG appeared to be
significantly higher (P < 0.01) in HFD group of rats in
comparison with those of NC group of rats, indicating
induction of metabolic syndrome in HFD rats. On day
43, HFD rats were treated with glycyrrhizin solution
or buffer as follows:
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HFDT group: HFD rats (n = 8 rats) were treated

with single injection (ip) of glycyrrhizin solution in

50 mM potassium phosphate buffer, pH 7.4, at a

dose of 50 mg/kg body weight.

HFD group: HFD rats (n = 8 rats) were similarly

treated with only buffer.

Both HFD and HFDT groups of rat were still on
the fructose-enriched diet until sacrificed after three
weeks of glycyrrhizin treatment.
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Scheme 1—Schematic representation of the experimental design. It shows the parameters tested at different time intervals in different
groups of rat. Control diet was supplied to NC group and fructose-enriched diet was supplied to HFD and HFDT groups. Buffer was
administered in HFD group and glycyrrhizin solution was administered in HFDT group of rats.

Collection of serum, hemoglobin and tissue—
Blood samples (fasting) were collected from tail vein
without and with heparin for estimation of enzymes
and other parameters, respectively. For estimation of
serum insulin level, blood was drawn from the retro-
orbital plexus. Serum was separated by centrifugation
at 3,500 g at 4 °C for 10 min. Hemolysates were
prepared from erythrocytes after washing with normal
saline (0.9% NacCl) and hypotonic lysis with distilled
water. Hemoglobin (Hb) was isolated from
hemolysate by centrifugation at 17,500 g at 4 °C for
15 min and purified by sephadex G100 column pre-
equilibrated with 50 mM potassium phosphate buffer,
pH 7.4. The concentration of Hb was measured from
the soret absorbance with molar extinction coefficient
125 mM' cm' (monomer basis)zz. Rats were
sacrificed by cervical dislocation. Quadricep muscle
tissue was dissected out immediately, washed with
ice-cold phosphate buffer saline, pH 7.4 and
preserved at -80 °C for Western blot experiments
done within next three weeks.

Blood glucose, GHb, insulin, homeostasis model of
assessment-insulin  resistance (HOMA-IR) index,
lipids and intraperitoneal glucose tolerance test
(IPGTT)y—Blood glucose was estimated following the
conventional glucose oxidase/peroxidase method by
using the assay kit*. Serum insulin, TC, TG, HDL-C
and GHb were measured using commercial assay kits
according to the manufacturer’s protocols. Low-
density  lipoprotein-cholesterol ~ (LDL-C)  was
estimated according to the Friedewald equation®.
Very low-density lipoprotein-cholesterol (VLDL-C)

Table 1— Composition of diets (g/100g)

Ingredients Control diet High-fructose diet
Corn starch 60 -
Fructose e 60

Casein 20 20
Methionine 0.7 0.7
Groundnut oil 5 5

Wheat bran 10.6 10.6

Salt 35 35
Vitamin 0.2 0.2

was obtained by subtracting both HDL-C and LDL-C
from TC. HOMA-IR index was calculated according
to the formulae of Matthews er al”. For glucose
tolerance test, a sterile solution of 20% glucose was
injected (ip) at a dose of 2 g/kg body weight to
overnight fasting animals. Blood was collected to
estimate glucose from tail vein before (0 min) and 30,
60, 90 and 120 min after injection.

Superoxide dismutase (SOD), catalase, MDA and
fructosamine in serum— SOD and catalase activities
were assayed according to the methods of Murklund
and Murklund® and Beers and Sizer” using
pyrogallol and hydrogen peroxide, respectively.
Protein content was measured following the method
of Lowry er al.”® using bovine serum albumin as the
standard. MDA level was measured as TBA reactive
substance”. For fructosamine (Amadori product),
NBT was used to detect the formazan formed™.

Free iron level in Hb, Hb-mediated lipid
peroxidation and deoxyribose degradation— Free
iron in Hb was measured by reaction with ferrozine
according to the method of Panter’’. Hb-mediated
lipid (arachidonic acid) peroxidation was estimated
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according to the method of Sadrzadeh er al.* with
modifications as described before™. The values were
corrected for endogenous TBA reactive substance
present in arachidonic acid. Hb-mediated deoxyribose
degradation was assayed spectrofluorimetrically
following the method of Gutteridge™.

Carbonyl content and advanced glycation end
products (AGEs) in Hh— Carbonyl content in Hb was
measured using DNPH according to the method of
Levine et al”. AGEs in Hb were estimated
spectrofluorimetrically from fluorescence emission at
440 nm after exciting Hb samples at 370 nm™.

Single cell gel electrophoresis (comet assay) of
lymphocytes— Lymphocytes were isolated from blood
using histopaque 1077 and were resuspended in
phosphate buffer saline, pH 7.4. Comet assay and
scoring were performed according to the method of
Singh et al” and Collins er al’®, respectively.
Photomicrograph of ethidium bromide-stained cells was
taken in Olympus BX51 fluorescence microscope with
Evolution VF cool CCD camera at 200 magnifications.

Western blotting experiment with quadricep muscle
tissue— Quadricep muscle tissue was homogenized
with ice-cold lysis buffer containing 25 mM Tris HCI,
pH 7.5, 250 mM NaCl, 1% Triton X-100 (v/v), 1 mM
DTT, 1 mM PMSF and protease inhibitor cocktail and
the supernatant was collected by centrifugation at
20,000 g at 4 °C for 30 min®. Proteins were separated
by SDS-PAGE (10%) and western blot experiments
were performed using mouse monoclonal antibody for
B-actin (1:500 dilution) and GLUT4 (1:250 dilution) and
goat polyclonal antibody for PPARy (1:250 dilution).

Band intensities were quantified by densitometry using
Biorad Geldoc apparatus with Quantity One software.

Statistical analysis— Results were expressed as
mean+SD obtained for n experiments; n represents the
number of rats. Statistical significance was determined
by AcaStat 6 software using unpaired Student’s f-test
and P < 0.05 was considered to be significant.

Results and Discussion

Metabolic ~ syndrome  parameters:  effect  of
glycyrrhizin—Several metabolic syndrome parameters
namely, fasting blood glucose, serum insulin, lipid
profile and body weight were measured in NC and HFD
group of rats. Six weeks of fructose-enriched diet led to
significant increase in fasting blood glucose, serum
insulin, and HOMA-IR index in HFD rats in comparison
with those in NC rats (Table 2). At week six, serum
levels of TC, TG, LDL-C and VLDL-C were
significantly higher and HDL-C was significantly lower
in HFD group than the respective levels in normal rats.
High fructose diet induced significant increase in body
weight in HFD group in comparison with weight gain by
NC group having normal diet (Table 3). The weight
gain, abnormal lipid profile together with high blood
glucose, serum insulin and HOMA-IR index of HFD
group of rats demonstrated the onset of metabolic
syndrome induced by fructose-enriched diet. The results
are consistent with previous reports of other groups™**.

The metabolic syndrome parameters were
measured at different intervals after glycyrrhizin
treatment of HFD rats (HFDT) and compared them
with respective levels of HFD and NC group of rats.

Table 2— Metabolic syndrome parameters of different groups of rat after six weeks of high fructose diet feeding

[Values are mean + SD from each group]

Groups Blood Insulin HOMA TC TG HDL-C LDL-C VLDL-C
glucose (ug/L) -IR (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL)
(mg/dL)
NC 80.6%5.8 0.82 £0.09 5.54 £0.81 64.7%7.5 72.5%£9.8 358142 144+34 14.6%2.0
HFD 160.5+7.8*  2.14£0.22" 21.17+£333" 131.8+104" 163.0x11.3" 133+32" 764+135" 327+15"
For insulin and HOMA-IR, n = 6 rats and for other parameters, n = 8 rats.
* P <0.01 versus NC.
Table 3— Body weight of different groups of rat
[Values are mean + SD from each group]
Groups Initial body Body weight (g) after 6 weeks of Body weight (g) after 3 weeks of buffer/ Body weight gain
weight (g) control/fructose diet feeding glycyrrhizin administration (total 9 weeks) (g) in 9 weeks
NC 91.7+6.5 103.7 £8.3 118.6 £5.0 264 +4.7
(n=8)
HFD 922 +8.7 122.6 £6.7 HFD 151.4+£7.3 589+74%
(n=16) (n=28)
HFDT 1343 £5.0 403+75"°
(n=8)

# P <0.01 versus NC; > P <0.05 versus HED.
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The dose of glycyrrhizin used in the present study
(50 mg/kg body weight) was much less than the LDs
dose (0.84 g/kg body weight, ip)*. The existing reports
suggest that ip administration of glycyrrhizin in rats at a
dose of 100 mg/kg body weight caused no toxicity*"*.
No toxic effect of glycyrrhizin was found up to
administration of 200 mg/kg body weight (unpublished
data). After one week of treatment with glycyrrhizin,
fasting blood glucose level decreased significantly in the
treated group, as compared with HFD group (Fig. 1a).
For next two weeks, HFDT group exhibited slow
increase in blood glucose level, which might be due to
continuous feeding of high fructose diet. However, still
there was a significant difference in blood glucose levels
between HFD and HFDT groups after three weeks of
treatment. After one week of glycyrrhizin treatment,
insulin level and HOMA-IR index decreased
significantly in HFDT group, as compared with HFD
group (Fig. 1b and Ic), indicating increased insulin
sensitivity in the treated group. Glucose tolerance
behaviour, as indicated by IPGTT done after one week
of glycyrrhizin treatment, appeared almost normal in
HFDT group of rats in comparison with the normal and
abnormal tolerant profiles in NC and HFD groups,
respectively (Fig. 1d). Increased serum levels of TC,
TG, LDL-C and VLDL-C and decreased level of HDL-
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C in HFD rats reverted significantly towards respective
normal levels after one week of treatment with
glycyrrhizin, (Fig. 2). Glycyrrhizin treatment was also
effective in lowering body weight gained by fructose-
enriched diet (Table 3), probably by increasing fatty acid
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Fig. 2— Serum lipid profiles of different groups of rat. The levels
of TC, TG, HDL-C, LDL-C and VLDL-C were estimated after
one week of glycyrrhizin treatment. The results are mean + SD, n
= 8 in each group. * P < 0.01 versus NC; * P < 0.01 versus HFD.

*

- 220 @ Buffer/glycyrrhizin 2.5 @
3 200f administration HFD =T I
k=) L = 20r
g 180 =
o 160 E15F ,
3 5
g 140 2 .,
= £10
3 120 =
3 100 2osf
2 o
o 80 ]
60 NC HFD HFDT
Groups
0r1
350
© : @
300
> @
< 20} + & 250
£ ey HFD
x 3 5200
D oy
! . 5 £150F
Q- HFDT
2" 2 100
* @ NC
”{— 50
(1] I 1 1 1
NC HFD HFDT 0 30 60 90 120 150
Groups Time {min)

Fig. 1— Blood glucose and insulin level during experimental period. (a) Change of blood glucose with time before and after glycyrrhizin
treatment. n = 8 in each group. (b) Serum insulin level of different groups of rat after one week of glycyrrhizin treatment. n = 6 in each
group. (c) HOMA-IR index of different groups of rat after one week of glycyrrhizin treatment. n = 6 in each group. (d) Glucose tolerance
curves of NC, HFD and HFDT rats after one week of glycyrrhizin treatment. n = 5 in each group. The results are mean + SD. * P < 0.01

versus NC; #P <0.01 versus HFD.
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oxidation and thereby decreasing total lipid storage in
body. Increased insulin sensitivity and reduction in body
weight in glycyrrhizin-treated high fat diet-induced
obese rats have been reported by Eu er al".

Oxidative stress markers in blood samples of
metabolic syndrome group of vrats: effect of
glycyrrhizin— Free radical scavenging enzyme
(SOD and catalase) activities in serum were reduced
and serum MDA and fructosamine levels were
increased significantly in HFD rats, compared to
those in normal rats (Table 4). Glycyrrhizin treatment
significantly enhanced the levels of antioxidative
enzymes and reduced MDA and fructosamine levels
in HFDT group of rats, thereby indicating antioxidant
function of the herbal agent. SOD and -catalase
activities were assayed after one week and MDA and
fructosamine levels were determined after three
weeks of glycyrrhizin treatment.

Since metabolic syndrome exhibits increased blood
glucose level, GHb level was measured in blood
samples of different groups of rat. The level increased
significantly in HFD group, in comparison with the
NC group, and reverted to the near normal level after
three weeks of treatment with glycyrrhizin (Table 5).
The lowering of blood glucose level due to treatment
with the herbal agent may have reduced the GHb
level.

33.44.45 10,46

Both in vitro and in vivo studies suggest
that GHb is a source of catalytic iron causing
oxidative stress in hyperglycemic condition.
Ferrozine-detected free iron level was estimated in Hb
samples of different groups of rat and was found to
increase significantly in HFD rats in comparison with
the normal level (Table 5). H,O, is known to react
with ferrous iron to form hydroxyl radical®’, which, in
turn, causes free radical reactions. Oxidative reactions
namely, arachidonic acid and deoxyribose breakdown
were assayed in presence of H,O, and Hb samples of
different groups of rat. Both these reactions were
significantly increased with Hb samples of HFD
group than with those of normal group, indicating
enhanced Hb-catalyzed oxidative reactions in
metabolic syndrome (Table 5). However, glycyrrhizin
treatment effectively lowered free iron level and both
arachidonic acid and deoxyribose breakdown
reactions, as demonstrated with Hb samples of HFDT
group of rats. Sen et al.'’ have also reported similar
effect of glycyrrhizin on streptozotocin-induced
diabetes in rats. Thus both in type 1 diabetes and high
fructose-induced metabolic syndrome, glycyrrhizin
treatment interrupts the glycation cascade, preventing
the potential pathological consequences.

Metal-catalyzed oxidation may cause covalent
modification of proteins by introducing carbonyl

Table 4— Effect of glycyrrhizin on free radical scavenging enzymes (SOD and catalase) and oxidative stress markers
(MDA and fructosamine) in serum of different groups of rat

[Values are mean + SD from each group]

Groups SOD Catalase
(Units/min/mg protein) (Units/min/mg protein)
NC 0.956 £0.117 0.255 £0.032
HFD 0.378 £0.118* 0.137 £0.015*
HFDT 0.658 £0.044 ° 0.217 £0.011°

MDA (Fluorescence intensity in Fructosamine
arbitrary unit/mg protein) (umol/mg protein)
11.5£22 1422 £21.5
48.8+7.6° 464.9 +37.2°
28.5+4.8"° 257.7+23.3°

Serum enzymes were assayed after one week and serum MDA and fructosamine levels were assayed after three weeks of glycyrrhizin

treatment.
For each parameter, n = 7 rats.
# P <0.01 versus NC; > P <0.01 versus HED.

Table 5— GHb, free iron in Hb and Hb-mediated oxidative reactions in different groups of rat

[Values are mean + SD from each group]

Groups GHb (%) Free iron in Arachidonic acid peroxidation (umol of Deoxyribose degradation (Fluorescence
Hb (ug/g Hb) TBA reactive substance formed/h/mg Hb) intensity in arbitrary unit/mg Hb)

NC 5.90 +0.63 96.7 +14.9 15.6 +6.8 2353 +38.3

HFD 10.07 £ 1.04* 244.1 £26.1° 60.3+10.0* 7782 +62.7*

HFDT 6.77£0.34°¢ 147.3£9.0° 253+4.7° 416.6 £54.6°

The experiments were done after three weeks of glycyrrhizin treatment.

For GHb, n = 6 rats and for other parameters n = 7 rats.

2P <0.01 versus NC; 5P < 0.01 versus HFD; © P < 0.05 versus HFD.
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groups into amino acid residues of proteins. Such
oxidative modification is an index of oxidative stress.
The extent of carbonyl formation was estimated in Hb
samples isolated from different groups of rat.
Carbonyl content of Hb samples of HFD rats were
significantly higher in comparison with those of NC
rats (Fig. 3a). Glycyrrhizin efficiently improved this
stress condition by decreasing carbonyl content of Hb
samples of HFDT rats. The results obtained with Hb
after two weeks of treatment have been presented.
AGE:s, formed by long-term glycation of proteins
with reducing sugars, lead to free radical generation
and oxidative stress. Compared to NC rats, AGE
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Fig. 3— Oxidative stress markers in Hb of different groups of rat.
(a) Levels of carbonyl content in Hb samples from different
groups of rat. The results are mean + SD, n = 7 in each group. * P
< 0.01 versus NC; * P < 0.01 versus HFD. Experiment was done
after two weeks of glycyrrhizin treatment. (b) Representative
fluorescence emission spectra (excitation 370 nm) showing extent
of AGE formation in Hb samples (20 uM) from NC, HFD and
HFDT groups of rat. This is the representative spectra of six
independent experiments. Experiment was done after three weeks
of glycyrrhizin treatment.

formation was higher in Hb of HFD rats (Fig. 3b).
Glycyrrhizin treatment effectively decreased AGE
content of Hb by maintaining reduced blood glucose
level for three weeks in HFDT rats compared to HFD
rats. The treatment thus helps to decrease oxidative
stress in metabolic syndrome.

To study oxidative stress-mediated DNA damage,
single cell gel electrophoresis (comet assay) of
lymphocytes was done. Comet formation in the
lymphocytes of HFD rats increased significantly in
comparison with those of NC rats. However,
glycyrrhizin treatment decreased comet formation, as
shown in the lymphocytes of HFDT rats (Fig. 4),
indicating reduced oxidative damage of DNA in the
treated group. The experiment was done after two
weeks of glycyrrhizin treatment.

Expression levels of GLUT4 and PPARy in
quadricep muscle extracts of metabolic syndrome
group of rats: effect of glycyrrhizin— Western blot
experiment (Fig. 5) revealed that the levels of
GLUT4 and PPARYy decreased in quadricep muscle
extracts of HFD rats, as compared with the levels of
NC rats. However, glycyrrhizin treatment of HFD
rats caused improvement and increased the proteins
toward normal levels of expression. Shih er al.®
have also reported that PPARy and GLUT4
expressions decrease in skeletal muscle of fructose-
fed rats having metabolic syndrome. On the other
hand, the finding of Yin er al."* showing enhanced
level of PPARY in glycyrrhizin-treated normal rats
is also in agreement with our observation in HFDT

rats. Increased PPARy expression enhances
peroxisomal and mitochondrial [-oxidation,
reducing cellular lipid content and insulin

resistance®. Again, up regulation of PPARy has
been shown to increase GLUT4 expression in
skeletal muscle®, and is consistent with our result.
Increased GLUT4 in HFDT rats, in turn, helps to
improve cellular insulin sensitivity and glucose
homeostasis in metabolic syndrome.

In conclusion, the present findings suggest the
beneficial effect of glycyrrhizin against several
complications of metabolic syndrome namely, insulin
resistance, hyperglycemia, dyslipidemia and oxidative
stress. Regulation of GLUT4 and PPARY expression
in skeletal muscle may be one of the mechanisms of
glycyrrhizin action. However, it is not yet clear if
glycyrrhizin administered intraperitoneally acts as
such or through a hydrolyzed/metabolized product.
Further studies are also necessary to elucidate the
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Fig. 4— Effect of glycyrrhizin treatment on DNA damage in lymphocytes. Single cell gel electrophoresis in lymphocytes showing comets
(200 magnifications). Comet scores are shown on different groups of rat. The results are mean + SD of six experiments in each case. * P
<0.05 versus NC; * P < 0.05 versus HFD. Experiment was done after two weeks of glycyrrhizin treatment.
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Fig. 5— Expression of PPARy and GLUT4 in skeletal muscle of different groups of rat. Representative western blot and densitometry
data depicting PPARy and GLUT4 protein in the quadricep muscle of different groups of rat. The densitometry results are mean + SD of
six independent experiments. * P < 0.05 versus NC; ¥ P< 0.05 versus HFD.

effect of glycyrrhizin on other underlying
mechanisms of the syndrome affecting normal
metabolism.
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