
Abstract. – DIA-2 is a herbal mixture con-
taining standardized extract of Allium sativum
and Lagerstroemia speciosa. Recently we have
reported the anti-diabetic effect of DIA-2 in high
fat diet (HFD) and streptozotocin (STZ) induced
type 2 diabetic (T2D) rats. The purpose of this
study was to investigate and compare the ef-
fects of DIA-2 with Rosiglitazone (RG) on plasma
biomarkers of hepatocellular injury, liver carbo-
hydrate metabolizing enzymes, glycogen con-
tent, oxidant/antioxidant status and histopatho-
logical changes in T2D rats. ALT and ALP levels
were significantly decreased after DIA-2 and RG
treatment compared to T2D rats. Total protein
and albumin remained unaltered in all the
groups. Significant decrease in AST levels were
observed after DIA-2 (125 mg/kg) and RG treat-
ment. Hepatic hexokinase activity was signifi-
cantly increased after RG and DIA-2 treatment
and fructose-1, 6-bisphosphatase activity were
inversely correlated with hexokinase activity. He-
patic gucose-6-phosphatase activity was signifi-
cantly (p < 0.05) reduced after DIA-2 (62.5 mg/kg)
and RG treatment. Lipid peroxides levels was
significantly decreased in the liver of DIA-2
(62.5; p < 0.01 & 125 mg/kg; p < 0.05) treated ani-
mals. Hepatic glycogen content (p < 0.05) and
antioxidant enzymes [SOD (p < 0.01; 62.5 mg/kg);
GPx and GSH (125 mg/kg; p < 0.01)] were signifi-
cantly increased after DIA-2 treatment. RG treat-
ment on hepatic glycogen, GPx (p < 0.01) and
SOD, GSH (p < 0.05) levels were significant when
compared to T2D rats. These biochemical para-
meters were also correlated with histopathologi-
cal evaluation. The above findings revealed that
administration of DIA-2 could ameliorate the bio-
chemical and histopathological changes in liver
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of T2D rats indicating the protective role of DIA-2
against HFD/STZ induced diabetes. In addition,
DIA-2 and RG treatment resulted in amelioration
of hepatic steatosis in T2D rats.
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Abbreviations

ATP = Adenosine triphosphate; DTNB = 5, 5’-dithiobis-
(2-nitrobenzoic acid); G-6-Pase = Glucose-6-
phosphatase; G-6-P = Glucose-6-phosphate; F-1,6-BPase
= Fructose 1,6-bisphosphatase; Pi = Inorganic phosphate;
PMS = Phenazine methosulfate; T2DM = type-2 diabetes
mellitus; TCA = Trichloroacetic acid.

Introduction

Diabetes mellitus is associated with increased
oxidative stress (OS) that could lead to the devel-
opment of diabetic complications1. Various clini-
cal studies indicate that modern medicines con-
trol hyperglycemia but do not improve the altered
oxidant/antioxidant levels during chronic hyper-
glycemia, suggesting their failure to manage the
OS2. Medicinal plants have been widely used by
humans as therapeutic agents for the manage-
ment of metabolic disorders such as diabetes
mellitus3. Allium sativum (ASE), Lagerstroemia
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speciosa (LSE) are one such medicinal plant,
were used as a folk remedy for the management
of diabetes mellitus in various regions of the
world4,5. Herbal medicines are given as mix-
tures of one or more herbs rather than individual
herb, considered to be synergistic in their thera-
peutic action due to their multiple therapeutic ef-
fects of individual herbs6 and lack from undesir-
able side effects7.

DIA-2 (1:1 w/w mixture of ASE and LSE) is
one such herbal preparation prepared with the in-
tention to combat hyperglycemia and hyper-
glycemia induced OS. During diabetes mellitus,
the enzymes involved in glucose metabolism are
markedly altered resulting in increased produc-
tion of hepatic glucose, which leads to the condi-
tion known as hyperglycemia8. Liver is the major
organ involved in the glucose homeostasis, me-
tabolism and detoxification process9. Several au-
thors10,11 have also reported that altered glucose
metabolism results in diabetic hyperglycemia in-
duced OS and impaired tissue antioxidant status
that is a causative mechanism involved in the
pathogenesis of hepatocellular injury with con-
current increase in the activities of alanine
aminotransferase (ALT); aspartate aminotrans-
ferase (AST); alkaline phosphatase (ALP) in the
plasma. We have reported earlier the efficacy of
DIA-2 in ameliorating hyperglycemia in high fat
diet (HFD)/streptozotocin (STZ) induced diabet-
ic rats12. The present study compares the effect of
DIA-2 with rosiglitazone (RG) on the regulation
of hepatic glucose metabolism enzymes and its
ability to restore the altered liver oxidant/antioxi-
dant status, plasma biomarkers of hepatocellular
injury and histolopathological changes in the liv-
er.

Materials and Methods

Plant Material, Chemicals and
Biochemical Kits

Standardized aqueous extract of dried bulbs
of ASE (1.1 % alliin w/w) and 40% methanolic
extract of leaves of LSE (1.28% w/w corosolic
acid) were procured commercially (M/s. Amsar
Pvt. Ltd, Indore, India and M/s. K.Patel Phy-
toExtractions Pvt Ltd, Mumbai, India, respec-
tively). Individual powder extracts were mixed
in equal proportion (1:1) and triturated using a
mortar and pestle to yield a consistent homo-
geneity. This mixture was named as DIA-2. All
the chemicals were of analytical grade obtained

from M/s. Himedia laboratories, Mumbai, India
and M/s. Sisco Research Laboratories Pvt. Ltd,
Mumbai, India. The diagnostic biochemical kits
were purchased from M/s. Accurex Biomedical
Pvt. Ltd., India. The histological stains were ob-
tained from Merck Specialities Private Limited,
Mumbai, India.

Experimental Group and Study Design
The rats were made diabetic as described earli-

er12. These diabetic rats were randomly divided
into 5 groups (n = 6) namely, group-1: normo-
glycemic (0.5% carboxy methyl cellulose; 10
ml/kg b.w), group-2: Hyperglycemic (T2D rats;
0.5% carboxy methyl cellulose; 10 ml/kg b.w),
group-3: Rosiglitazone (8 mg/kg b.w), group-4:
DIA-2 (62.5 mg/kg b.w), group-5: DIA-2 (125
mg/kg b.w). The respective groups were kept on
either normal pelleted diet (group-I) or high fat
diet (group-2 to 5) throughout the study. Treat-
ment was scheduled once a day via oral route for
14 consecutive days. Weekly body weight, fast-
ing plasma glucose, fasting plasma insulin (FPI),
total cholesterol (TC), triglycerides (TG) were
measured12. The experimental study design was
approved by the institutional animal ethics com-
mittee of Sri Ramachandra University.

Liver Function Test
After 14 days of treatment, blood was collect-

ed by sino-orbital puncture under general anaes-
thesia using dipotassium EDTA (K2EDTA) as an-
ticoagulant and the plasma separated was used
for the determination of biomarkers (ALT, AST,
ALP, total protein and albumin) of hepatocellular
injury. The estimations were performed as per
manufacturers instructions (Accurex Biomedical
Pvt. Ltd. Mumbai, India) using star-21plus bio-
chemistry auto analyser (Rapid Diagnostic Pvt.
Ltd, Delhi, India).

Preparation of Liver Homogenate for
Biochemical Estimations

After blood collection, all the animals from
each group were sacrificed by cervical disloca-
tion under general anaesthesia. The livers were
harvested from all the experimental groups,
washed in ice cold normal saline and stored at ul-
tra low deep freezer –86°C until they are
processed for biochemical estimation. 10 % liver
homogenate was prepared with ice cold 10% KCl
and centrifuged at 1000 rpm for 15 min. The su-
pernatant was used as the source of enzyme. The
total protein content was estimated13.
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Fructose-1, 6-bisphosphatase
Fructose 1, 6 diphosphatase (F-1,6-BPase) was

assayed as per earlier methods17. Briefly, 1.2 ml
of citrate buffer (0.1 M pH 6.5) was followed by
the addition of 0.1 ml of fructose 1, 6 diphos-
phate (0.005 M) as substrate, 250 µl of MgCl2

(0.1 M) ,0.1 ml of KCl and 0.25 ml of K2EDTA
(0.001 M) were added subsequently. To the test,
0.1 ml of supernatant was added and further in-
cubated at 37°C for 15 min. The reaction was im-
mediately arrested by the addition of 10% TCA.
The control reaction rate was correspondingly as-
sessed by adding 0.1 ml of supernatant only after
the arresting step. The precipitate was removed
by centrifugation at 3500 rpm for 10 min.
Aliquots of supernatant were used to determine
the activity fructose 1, 6 diphosphatase by mea-
suring the amount of Pi liberated from fructose 1,
6 diphosphate according to earlier methods16 at
640 nm using a spectrophotometer (Multiskan,
Thermo Scientific Inc., Waltham, MA, USA).
The activity of F-1, 6-BPase was expressed in
nanomoles of Pi liberated/min/mg of protein.

Determination of Glycogen Content
The hepatic glycogen content was estimated as

per the earlier methods18. Briefly, to 100 mg liver
add 400 µl of 80% hot ethanol. This was cen-
trifuged and washed for about 2-3 times. The
residue obtained was dried in a sand bath for 2-3
min. To the dried residue, 2 ml of distilled water
and 2.5 ml of 52% perchloric acid was added and
incubated at 0ºC for 20 min. The precipitate was
removed by centrifugation at 3500 rpm for 10
min. Aliquots of supernatant were made up to 1
ml with distilled water and 4 ml of anthrone was
added and boiled for 5 min. The amount of glu-
cose liberated was measured at 630 nm using
spectrophotometer (Multiskan, Thermo Scientific
Inc., Waltham, MA, USA). The glycogen content
was expressed as nM of glucose/g of tissue.

Determination of Hepatic
Oxidant/Antioxidant Status

Assay of Lipid Peroxides
The amount of lipid peroxides was estimated

according to the earlier method19. Briefly, 0.2 ml
of tissue homogenate was made up to 1 ml with
normal saline, 0.5 ml of BHT (0.05%) and 3.5 ml
TBA (0.8%) reagent were added and heated for
90 min in a boiling water bath. After cooling, the
solution was centrifuged at 3500 rpm for 10 min
and the precipitate obtained was discarded. The

Determination of Activities of
Carbohydrate Metabolizing Enzymes

Activity of Glycolytic Enzymes

Hexokinase
Hexokinase activity was assayed as per the

earlier methods14. Briefly, the incubation mixture
containing 2.5 ml of tris HCl buffer (0.01 M, pH
8), 1 ml of glucose (0.005 M) as substrate, 0.5
ml of ATP (0.72 M), 0.1 ml of MgCl2 (0.05 M),
0.1 ml of Sodium fluoride (0.5 M), 0.4 ml of
KH2PO4 (0.02M) and 0.4 ml of KCl (0.1M) were
pre-incubated at 37°C for 15 min. 0.1 ml of su-
pernatant was added to the incubation mixture
and incubated further at 37°C for 30 min. The
reaction was immediately arrested by the addi-
tion of 10% TCA. The control reaction rate was
correspondingly assessed by adding 0.1 ml of
supernatant only after the arresting reaction and
the protein precipitate was removed by centrifu-
gation at 3500 rpm for 10 min. Aliquots of su-
pernatant were taken and made up to 1 ml with
distilled water followed by addition of 4 ml of
anthrone. The absorbance was read at 630 nm
using spectrophotometer (Multiskan, Thermo
Scientific Inc., Waltham, MA, USA). The results
are expressed in nanomoles of glucose con-
sumed/min/mg of protein.

Activity of Gluconeogenic Enzymes

Glucose-6-phosphatase
Glucose-6 Phosphatase (G-6-Pase) was as-

sayed as per the reported method15. Briefly, 0.3
ml of citrate buffer (0.1 M pH 6.5) was fol-
lowed by the addition of 0.5 ml of Glucose-6-
Phosphate (0.01 M) as substrate. To the test, 0.2
ml of supernatant was added and further incu-
bated at 37°C for 1 h. The reaction was immedi-
ately arrested by the addition of 10% TCA. The
control reaction rate was correspondingly as-
sessed by adding 0.2 ml of supernatant only af-
ter the arresting step. The precipitate was re-
moved by centrifugation at 3500 rpm for 10
min. Aliquots of supernatant were used to deter-
mine the activity glucose-6-phosphatase by
measuring the amount of inorganic phosphate
(Pi) liberated from glucose 6-phosphate accord-
ing to earlier methods16 at 640 nm using a spec-
trophotometer (Multiskan, Thermo Scientific
Inc., Waltham, MA, USA). The activity of G-6-
pase was expressed in nanomoles of Pi liberat-
ed/min/mg of protein.
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added to equal volume of ice cold 5% TCA to
precipitate the protein present in the tissue. The
precipitate was removed by centrifugation at
4000 rpm for 10 min. To 1 ml aliquot of super-
natant, 0.25 ml of phosphate buffer (pH 8.0) and
0.5 ml of DTNB (0.6 mM) was added and
mixed well. The absorbance was read at 412 nm
using spectrophotometer (Multiskan, Thermo
Scientific Inc., Waltham, MA, USA). The re-
sults are expressed in nanomoles of GSH/ mg of
protein.

Liver Pathology
At necropsy, the liver from all the experimental

animals from the respective treatment groups were
dissected and fixed in 10% neutral buffered forma-
lin for 48 h. Thereafter, the liver tissues were
processed for paraffin embedment and sectioned
to 4 µm thickness using the microtome (Leica
RM2125RT, Germany). The sections were stained
with haematoxylin and eosin (H&E) stain for gen-
eral histopathological evaluation. For demonstra-
tion of liver glycogen, liver tissues were stained
with periodic acid Schiff (PAS) stain23. The H&E
and PAS stained liver sections were examined un-
der light microscope (Motic, B1 Series, Hong
Kong, China). The percent of liver tissue staining
for glycogen content by PAS was evaluated.

Statistical Analysis
The results were expressed as the mean ±

SEM. The data’s were analysed by the method of
repeated measures and one-way analysis of vari-
ance (ANOVA) using GraphPad Prism software
(version: 4.0). p < 0.05 was considered to be sta-
tistically significant.

Results

Liver Function Test
A significant (p < 0.01) increase in plasma

levels of ALT, AST and ALP were observed in
T2D rats when compared to normoglycemic rats
(Table I). Whereas treatment with DIA-2 at the
doses of 62.5 and 125 mg/kg b.w significantly (p
< 0.01) decreased the levels of ALT and ALP re-
spectively. DIA-2 at 125 mg/kg b.w showed sig-
nificant protection of AST. RG treatment signifi-
cantly (p < 0.01) reduced the plasma levels of
ALT, AST and ALP when compared to T2D rats.
No significant differences were observed in the
plasma levels of total protein and albumin in all
the experimental groups.

absorbance of the supernatant was determined at
532 nm using spectrophotometer (Multiskan,
Thermo Scientific Inc., Waltham, MA, USA).
The levels of lipid peroxidation was expressed in
terms of nanomoles of malondialdehyde (MDA)
equivalents/g of tissue.

Super Oxide Dismutase
Super oxide dismutase was assayed by the ear-

lier method20. Briefly, to 0.05 ml of supernatant,
0.3 ml of sodium pyrophosphate buffer (0.025
M), 0.025 ml of PMS (186 µM) and 0.075 ml of
nitro blue tetrazolium [NBT] (300 µM) was
added. The reaction was started by addition of
0.075 ml of NADH (780 µM). After incubation
at 30°C for 90 seconds, the reaction was immedi-
ately stopped by addition of 0.25 ml glacial
acetic acid. Then the reaction mixture was stirred
vigorously and shaken with 2.0 ml of n-butanol.
The mixture was allowed to stand for 10 min and
centrifuged. The colour intensity in the butanol
layer was read at 560 nm (Multiskan, Thermo
Scientific Inc., Waltham, MA, USA). The activity
of SOD was expressed as units/min/mg of pro-
tein. One unit of SOD activity is defined as the
enzyme reaction, which give 50% inhibition of
NBT reduction in one minute under the specified
assay conditions.

Glutathione Peroxidase
The activity of glutathione peroxidase (GPx)

was assayed as per the earlier methods21. Briefly,
to a reaction mixture containing 200 µl of tris HCl
buffer (0.4 mM), 200 µl K2EDTA (0.4 mM), 100
µl of sodium azide (10 mM); 200 µl of super-
natant was added and mixed well. Thereafter, 200
µl of reduced glutathione (2 mM) solution fol-
lowed by 0.1 ml H2O2 (1 mM) were added. The
overall reaction was arrested by adding 0.5 ml of
10% TCA. The non-enzymatic reaction rate was
correspondingly assessed by replacing the en-
zyme sample by buffer. The precipitate was re-
moved by centrifugation at 4000 rpm for 10 min.
The remaining reduced glutathione in the super-
natant was determined by adding 1.0 ml of DTNB
(0.6 mM) and the absorbance was read at 412 nm
using spectrophotometer (Multiskan, Thermo Sci-
entific Inc., Waltham, MA, USA). The results are
expressed in micromoles of GSH
consumed/min/mg of protein.

Reduced Glutathione
The assay was performed as per the earlier

methods22. Briefly, 0.25 ml of supernatant was
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ALT ALP AST Total Protein Albumin
Group Treatment (U/l) (U/l) (U/l) (g/dl) (g/dl)

I Normoglycemic 54.03 ± 4.55 348.62 ± 57.89 84.00 ± 3.88 6.15 ± 0.25 2.19 ± 0.15
II Hyperglycemic (T2D) 425.08 ± 26.16## 925.55 ± 49.88## 354.78 ± 48.86## 5.80 ± 0.54 1.68 ± 0.20
III Rosiglitazone (8mg/kg b.w) 277.83 ± 26.68** 583.36 ± 77.01** 172.92 ± 38.60** 5.98 ± 0.40 2.08 ± 0.04
IV DIA-2 (62.5 mg/kg b.w) 227.02 ± 32.66** 588.83 ± 72.00** 221.05 ± 21.07 6.12 ± 0.19 1.99 ± 0.16
V DIA-2 (125 mg/kg b.w) 248.37 ± 20.73** 424.08 ± 54.41** 144.60 ± 31.30** 6.04 ± 0.35 2.01 ± 0.12

Table I. Effect of DIA-2 on plasma activities of ALT, ALP, AST, total protein and albumin levels.

Values expressed in mean ± SEM; n = 6; ##& #- p value of 0.01 & 0.05 compared to the normoglycemic group; **& *- p value of
0.01 & 0.05 compared to the T2D rats.

DIA-2 DIA-2
Parameter NG T2D RG 62.5 mg/kg b.w 125 mg/kg b.w

Hexokinase 51.20 ± 0.67 21.71 ± 0.43## 49.81 ± 0.20** 42.85 ± 3.16** 38.66 ± 1.81**

Glucose-6-phosphatase 28.18 ± 1.98 59.46 ± 3.96## 33.42 ± 2.39* 33.22 ± 8.72* 40.82 ± 6.18
Fructose 1,6 bisphosphatase 29.07 ± 4.29 70.2 ± 4.42## 26.81 ± 9.80** 27.52 ± 2.07** 23.40 ± 3.59**

Glycogen 61.46 ± 5.06 18.02 ± 3.59## 61.18 ± 3.21** 48.16 ± 6.04* 49.48 ± 11.04*

TBARS 30.87 ± 3.02 70.17 ± 4.41## 57.37 ± 3.78 36.04 ± 4.82** 40.22 ± 10.29*

SOD 28.37 ± 2.37 7.03 ± 0.72## 20.54 ± 1.74* 26.86 ± 5.09** 12.31 ± 1.39
Glutathione peroxidase (GPx) 0.25 ± 0.03 0.03 ± 0.01## 0.16 ± 0.01** 0.08 ± 0.01 0.18 ± 0.01**

Reduced glutathione (GSH) 170.50 ± 6.33 60.90 ± 12.82## 134.01 ± 15.26* 127.95 ± 27.59 134.10 ± 17.46*

Table II. Effect of DIA-2 osf carbohydrate metabolising enzymes, glycogen content, and oxidant/antioxidant status of liver.

NG, Normoglycemic group; T2D, Type 2 diabetic rats; PCG, RG, rosiglitazone. Values expressed in mean ± SEM; n = 6; ##& #- p
value of 0.01 & 0.05 compared to the normoglycemic group; **& *- p value of 0.01 & 0.05 compared to the T2D rats.
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treatment (p < 0.05) at both the dose levels and
after RG (p < 0.01) treatment.

Hepatic Oxidant/Antioxidant Status
A significant (p < 0.01) increase in the content

of thiobarbituric acid reactive substances
(TBARS) and significant (p < 0.01) decrease in
SOD, GPx, GSH levels were observed in T2D
rats when compared to normoglycemic rats
(Table II). DIA-2 treatment significantly (p <
0.01 and p < 0.05) decreased the hepatic TBARS
content at 62.5 and 125 mg/kg b.w respectively.
RG treatment did not show any protection in
ameliorating the altered TBARS content. The liv-
er SOD levels were significantly (p < 0.01) in-
creased at 62.5 mg/kg b.w and 125 mg/kg b.w
did not show any significant protection on SOD
activity. A significant increase in liver GPx (p <
0.01); GSH (p < 0.05) activity were observed af-
ter DIA-2 treatment at 125 mg/kg b.w and 62.5
mg/kg b.w did not show any significant protec-
tion on both the parameters when compared to
T2D rats. RG treatment significantly increased

Carbohydrate Metabolizing Enzymes
A significant (p < 0.01) decrease in hepatic

hexokinase and significant (p < 0.01) increase in
G-6-Pase and F-1, 6-BPase activities were ob-
served in the liver of T2D rats when compared to
normoglycemic rats (Table II). Treatment with
DIA-2 significantly (p < 0.01) increased hexoki-
nase and decreased F-1, 6-BPase activity respec-
tively at both the dose levels. The activity of G-6-
Pase was significantly (p < 0.05) decreased at
62.5 mg/kg b.w and no significant changes were
found at 125 mg/kg b.w of DIA-2 treatment. RG
treatment significantly (p < 0.01) increased hex-
okinase activities and significantly decreased G-
6-Pase (p < 0.05) and F-1, 6-BPase activities (p <
0.01) respectively when compared to T2D rats.

Hepatic Glycogen Content
A significant (p < 0.01) decrease in hepatic

glycogen content was observed in T2D rats when
compared to normoglycemic rats (Table II).
When compared to T2D rats, hepatic glycogen
content were improved significantly after DIA-2
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The liver is an important insulin dependent tis-
sue that plays a major role in the glucose home-
ostasis (i.e. glucose production and utilization)
by strictly controlling the activities of the key en-
zymes involved in the pathways of carbohydrate
metabolism (glycolysis and gluconeogenesis).
Liver also controls the synthesis (glycogenesis)
and degradation of glycogen (glycogenolysis) as
a part of their glucose homeostasis mechanism.
During T2DM due to lack of or resistance to in-
sulin, increase in hepatic gluconeogenesis,
glycogenolysis and decrease glycolytic, glyco-
genic activity were observed24.

Hexokinase is the first key enzyme involved in
the glycolytic pathway which phosphorylates
glucose to glucose-6-phosphate (G-6-P). G-6-
Pase, a key enzyme involved in the gluconeogen-
esis and glycogenolysis that catalyzes the last
common step of both the processes i.e., the de-
phosphorylation G-6-P to glucose25. F-1, 6-
BPase, a gluconeogenic enzyme that controls the
production of hepatic glucose through gluconeo-
genesis process26,27.

HFD)/low-dose STZ induced diabetes mellitus
causes insulin resistance and subsequent insulin
secretory defect in rats that closely reflects the
metabolic disturbances that are characterised dur-
ing T2DM in humans. Compared to normo-
glycemic animals, the T2D rats showed a signifi-
cant reduction insulin level12 and decrease in the
activities of hexokinase and significant elevation
in the activities of G-6-Pase, F-1, 6-BPase in the
liver were observed. Similarly, the glycogen con-
tents were decreased in T2D rats. Activation of
hexokinase activity, inhibition of activities en-
zymes involved in gluconeogenesis and restora-
tion of glycogen content have been proposed as
potential targets for suppressing hepatic glucose
levels during T2DM.

The use of herbal medicines to modulate the
altered carbohydrate metabolism during dia-
betes is quite high and, therefore, finds its own
importance in the management of this metabol-
ic disorder. Unfortunately, there is an insuffi-
cient evidence to actively recommend the use
of herbal medicines in improving the altered
carbohydrate metabolism4,28. The individual in-
gredients of DIA-2 were reported earlier for
their possible role on carbohydrate metabo-
lism29,30. The combined effect of ASE and LSE
(i.e. DIA-2) on hepatic carbohydrate metabolis-
ing enzymes, viz. hexokinase, G-6-Pase and F-
1, 6-BPase and hepatic glycogen in T2D rat
were investigated in the present study. Admin-

the levels of GPx (p < 0.01), SOD and GSH (p <
0.05) in the liver when compared to T2D rats.

Liver Pathology
H&E stained sections of liver from the experi-

mental groups were shown in Figure 1. The
histopathological examinations of liver from nor-
moglycemic animals revealed normal histology
characterised by distinct hepatocytes with radiat-
ing hepatic cords around central vein (Figure
1A). The liver sections from T2D rats revealed
hypertrophic hepatocytes with sinusoidal narrow-
ing, nuclear indentations, karyolysis and mild
neutrophilic infiltrations suggestive of centrilob-
ular coagulative necrosis (Figure 1B) associated
with the presence of multifocal periportal and
midzonal macrovesicular steatosis (Figure1C) in-
terspersed with activated stellate cells.

T2D rats treated with 125 mg/kg b.w of DIA-2
(Figure 1F) and RG (Figure 1D) exhibited nor-
mal liver architecture, similar to that of normo-
glycemic rats. While, mild neutrophilic infiltra-
tions were observed in the liver of T2D rats treat-
ed with 62.5 mg/kg b.w of DIA-2 (Figure 1E).

Figure 2 represents the PAS-stained liver sec-
tions from the experimental groups. The PAS
staining of liver sections from the normo-
glycemic rats revealed intense expression of in-
tracytoplasmic glycogen (Figure 2A) in 90-95%
of centrilobular and midzonal hepatocytes. How-
ever, the PAS staining of sections of liver from
T2D rats (Figure 2B) and T2D rats treated with
62.5 mg/kg b.w of DIA-2 (Figure 2D) exhibited
absence of PAS-positive hepatic glycogen ex-
pression respectively. DIA-2 treatment at 125
mg/kg b.w (Figure 2E) and RG (Figure 2C) treat-
ment demonstrated mild (40-45%) and moderate
(60-70%) PAS-positive hepatic glycogen expres-
sion respectively.

Discussion

In our earlier study, we have reported DIA-2
for its anti-diabetic effect using HFD/STZ in-
duced T2D rats12. In an attempt to understand the
biochemical mechanism of the antidiabetic effect
of DIA-2, we investigated the key glycolytic and
gluconeogenic enzymes along with glycogen
content in the liver of T2D rats. The key bio-
markers of hepatocellular injury and liver oxi-
dant/antioxidant status and histopathological
changes were also observed in the liver of DIA-2
treated animals.
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Figure 1. H&E stained liver sections. A, Normoglycemic group. B-C, Hyperglycemic (T2D). D, Hyperglycemic + rosiglita-
zone. E, Hyperglycemic + 62.5 mg DIA-2/kg b.w. F, Hyperglycemic + 125 mg DIA-2/kg b.w. (Original magnification: 400×).

istration of DIA-2 have enhanced the hepatic
activity of hexokinase and decreased the G-6-
Pase and F-1, 6-BPase activity. DIA-2 treat-
ment has also restored the levels of glycogen

when compared to T2D rats. S-allyl cysteine
sulphoxide (SACS), a sulphur containing
amino acid of ASE have reported to modulate
the carbohydrate metabolism through activa-
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Figure 2. Periodic Acid-Schiff stained liver sections. A, Nor-
moglycemic group. B, Hyperglycemic (T2D). C, Hyper-
glycemic + rosiglitazone. D, Hyperglycemic + 62.5 mg DIA-
2/kg b.w. E, Hyperglycemic + 125 mg DIA-2/kg b.w. (Original
magnification: 400×).
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metabolism mainly by affecting glucose trans-
port and insulin-receptor function, insulin re-
lease from β cells of the pancreas. Ameliora-
tion of carbohydrate metabolism by DIA-2
treatment could be attributed due to the pres-
ence of these phytoconstituents available with
the individual ingredients of DIA-2. DIA-2
maintains glucose and lipid homeostasis12 and
could also significantly restore the altered car-

tion of glycolytic, inactivation of gluconeoge-
netic enzymes and stimulation of insulin secre-
tion from β cells31,32. The pentacyclic triter-
penoid, corosolic acid present in LSE have also
been reported to inhibit the activity against
glycogen phosphorylase, a rate limiting enzyme
during glycogenolysis that break glycogen into
glucose33,34. Recent report35 reveals that
polyphenols may also influence carbohydrate
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liver tissues and histopathological evaluation of
PAS-stained liver sections revealed hepatocellu-
lar glycogen depletion in HFD/STZ induced T2D
rats when compared to normoglycemic rats. After
DIA-2 treatment the hepatic glycogen content
was restored when compared to T2D rat as con-
firmed by biochemical and histopathological
analysis. From these observations, it is evident
that the DIA-2 treatment restored the glycogen
levels in the liver of T2D rats.

T2DM is frequently accompanied by hepatic
steatosis, which refers to a histopathological condi-
tion characterized by increased content of hepato-
cellular lipids and could be differentiated as macro
or microvesicular steatosis according to the size of
the lipids42. Hepatic steatosis could be induced by
administration of HFD. In the present study histo-
logical analysis of liver tissue taken from T2D rats
with HFD showed multifocal periportal and mid-
zonal macrovesicular hepatic steatosis (Figure 1C)
compared to normoglycemic animals (Figure 1A)
fed with normal pelleted diet under our experimen-
tal conditions. The reduction of lipid accumulation
in the liver could be considered as a new therapeu-
tic target in T2DM and diet-induced hepatic steato-
sis. Administration of DIA-2 (Figure 1E and 1F)
has shown to have protective effect on HFD in-
duced hepatic steatosis in rats when compared to
positive control, RG (Figure 1E). The possible
mechanism by which RG ameliorates hepatic
steatosis were reported earlier43.

Conclusions

Our results suggested that DIA-2 maintains
glucose homeostasis by controlling the carbohy-
drate metabolizing enzymes and also mitigates
the hyperglycemia induced OS. DIA-2 treatment
also mitigated the hepatic steatosis induced by
HFD/STZ in the liver of diabetic rats. These find-
ings suggested that DIA-2 could be beneficial in
the therapeutic intervention of diabetes and its
complications.
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bohydrate metabolic parameters, suggesting its
potential use as a therapeutic agent in the man-
agement of T2DM.

Oxidative stress is one of the causative factors
in the development consequences of diabetes. In
the present study, the activities of hepatic oxi-
dant/antioxidant status were measured to ascertain
the role of DIA-2 in the alleviation of altered an-
tioxidant defence system. The levels of GSH and
GPx were decreased in T2D rats when compared
to normoglycemic animals. DIA-2 treated animals
have protected their activities significantly. Con-
versely, the increased levels of TBARS in T2D
rats were attenuated significantly in DIA-2 treated
group. The inhibition of lipid peroxidation of
DIA-2 might be due to the presence of organosul-
fur compounds available with ASE32 and LSE
have reported to inhibit lipid peroxidation36,37.

Insulin and oral hypoglycemics agents are re-
ported to cause liver damage38. Regular monitor-
ing of liver enzymes is still recommended during
the therapy with few anti-diabetic class of drugs.
Liver enzymes such as ALT, AST and ALP are
marker enzymes for liver function. Hyper-
glycemia is usually accompanied by an increase
in the activities of the enzymes of the liver39. Ad-
ministration of DIA-2 has led to a significant de-
crease in ALT, AST and ALP levels. The im-
provement in the hepatic maker enzymes level by
DIA-2 treatment indicates that it does not cause
hepatotoxicity that is likely caused by few class-
es of antidiabetic drugs. DIA-2 seems to posses
hepatoprotective potential along with antidiabetic
activity. The active constituent in the ingredients
of DIA-2 could be responsible for antidiabetic
and hepatoprotective activity. ASE was reported
to decrease AST and ALT levels during hypergly-
caemic conditions40. Improvement in the activi-
ties of liver marker enzymes level by DIA-2
treatment indicates that DIA-2 has hepatoprotec-
tive action along with antidiabetic activity.

During diabetes, the protein metabolism is al-
tered and remains unaltered during diabetes asso-
ciated obesity. Insulin plays a major role on pro-
tein metabolism in the liver41. Administration of
STZ to HFD treated rats did not affect the protein
metabolism in both T2D rats and DIA-2 treated
T2D rats.

Experimental animal model of T2DM has pro-
vided considerable insight into the histological
alterations during diabetic state. DIA-2 treatment
preserved the normal hepatocyte architecture and
suppressed the diabetes induced morphological
alterations in the liver. Biochemical analysis of
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