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bstract

Background. The high consumption of fructose leads to the increasing incidence of insulin resistance by several unknown mechanisms.
epatic glucose metabolism may also be an important target of fructose-induced-metabolic alterations.
Aim. The aim of present study was to investigate alterations in hepatic glycogenolysis, glycogenesis and gluconeogenic fluxes by feeding

f 21% high fructose diet and the effects of Rosiglitazone treatment to prevent these derangements in rats.
Methods. Rats were maintained on normal chow and high fructose diet with or without Rosiglitazone for 8 weeks and various biochemical

nd gene expression measures were estimated.
Results. The feeding of high fructose diet impaired glucose, insulin and pyruvate tolerance tests and increased blood HbA1c, insulin,

riglyceride, free fatty acids and homeostasis model assessment after 8 weeks. In addition, high fructose diet feeding increased expression
f phosphoenol-pyruvatecorboxykinase, glucose-6-phosphatase, sterol regulatory element binding proteins-1 and fatty acid synthase through
nhanced expression of fork-head receptor, peroxisome proliferator activated receptor-�-co-activator 1 and cAMP reactive element binding
rotein. The treatment with Rosiglitazone inhibited all these derangements, i.e. hepato-lipogenic and gluconeogenic effects of high fructose
iet feeding in rats.

Conclusions. Together these findings suggest that high fructose diet induced hepatic gluconeogenic and lipogenic rate, and increased

irculating triglycerides and free fatty acids, which may be the major risk factors for glucose intolerance, hyperglycemia and insulin resistance
n rats. In such situations high fructose flux also induces transcriptional cascade of gluconeogenic enzymes through the modulation of various
ssociated transcriptional factors.

2008 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All rights reserved.
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. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

ommon cause of abnormal liver function tests among adults
n the developed and developing world [1]. Obesity, type
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(non-insulin-dependent) diabetes mellitus, and hyperlipi-
emia are coexisting conditions frequently associated with
AFLD [2]. Dramatic increase in the prevalence of obesity,

ype 2 diabetes and associated NAFLD strongly suggest the
ole of life style and dietary factors in disease pathogenesis
3,4]. Due to these reasons, it is taken seriously as a clin-
cal target for the prevention of these health threats. The
ncrease in consumption of high calorie diets, specifically
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

hrough refined carbohydrates and/or fructose positively cor-
elates with an alarming increase in obesity, type 2 diabetes
nd NAFLD [5,6]. The feeding of a high fructose diet (HFD)
nduces metabolic derangements such as hyperinsulinemia

vier Ltd. All rights reserved.
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Table 1
Composition of standard (STD) and high fructose diet (HFD) given to the
rats.

Constituent STD HFD

Ingredients (g/kg)
Wheat starch 211 181
Bengal gram 415 385
Groundnut cake 195 100
Refined oil 67 40
Casein 68 40
Salt mixture (USP XIX)a 40 40
Vitamin mixturea 2 2
Choline chloride mixturea 2 2
Fructoseb – 210

Nutrient and energy compositionc

Carbohydrates 594.87 586.84
Proteinsd 166.09 152.23
Fats 63.98 54.23
Metabolisable energy (kJ/g) 15.90 15.57

a Prepared and mixed according to AOAC [35].
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ith glucose and insulin intolerance, dyslipidemia, hyper-
ension and endothelial dysfunction in humans and rats [7].
he precise molecular mechanisms through which diet high

n fructose induces the abnormalities in liver carbohydrate
etabolism are not fully understood. The liver plays a central

ole in regulation of glucose metabolism and maintainance
f blood glucose homeostasis by regulating glycogen stor-
ge and breakdown as well as the synthesis of glucose
rom lactate, amino acids, and glycerol (gluconeogenesis).
he rate of gluconeogenesis is controlled principally by the
ctivities of certain unidirectional enzymes such as PEPCK,
BPase and G-6-Pase. The genes encoding these proteins are
owerfully controlled at the transcriptional level by key hor-
ones particularly insulin, glucagon and glucocorticoids [8],
ediated by various transcriptional factors and co-activators,

.e. peroxisome proliferator activated receptor-g (PPAR-�),
PAR-�-co-activator 1 (PGC-1), etc. [9]. In obesity and type
diabetes, the rate of the gluconeogenesis pathway failed to
e regulated by insulin due to insulin resistance; this results
n decreased utilisation of glucose in liver and muscles, and
ccumulation in the form of glycogen and/or utilisation of
nergy sources, which lead to increased blood glucose (hyper-
lycemia) [10].

The recent developments of thiozolidinediones (TZDs) as
nsulin sensitisers present a new line of therapy for treat-

ent of type 2 diabetes. TZDs enhance insulin action and
mprove glycemic control by increasing peripheral glucose
ispose and reducing hepatic glucose output through acti-
ation of PPAR-� [11]. The exact mechanisms by which
hese agents exert their antidiabetic effects on the liver
re still obscure. The aim of this study was to investigate
he biochemical steps responsible for enhanced gluconeo-
enesis in liver as a result of increased dietary fructose
ntake and site(s) at which Rosiglitazone acts to inhibit these
rocesses.

. Materials and methods

.1. Animals and feeding schedule

Male albino Wistar rats (160–200 g) were housed (3 ani-
als per cage) at 20–25 ◦C room temperature and 12/12

ight/dark cycle in the small animal house of the institute.
nimals were grouped (n = 6) according to diet and Rosigli-

azone administration: (1) normal control group (NCG); fed
ith standard chow (Table 1), (2) high fructose fed control
roup (HFCG); fed with high fructose diet (HFD; 21%),
nd (3) high fructose fed and Rosiglitazone treated group
HFRG); fed with HFD and Rosiglitazone administered with
rinking water at a dose of 10 mg/kg body weight and main-
ained for 8 weeks. The dietary intake and body weight were
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

ecorded on alternate day during the experimental period. The
tudy protocols were approved by the Animal Ethics Com-
ittee of the institute and animals were maintained as per

he rules and regulations for the care of small animals as sug-

2

c

b From Japan Fructose India (P) Ltd., Bangalore India.
c Calculated from food tables and excel based developed programme [36].
d Determined by macro-Kjeldahl method [35].

ested by National Institute of Nutrition, Hyderabad, India
nd CPCSEA [12].

.2. Oral glucose and intravenous insulin and pyruvate
olerance tests

After a 12 h fast, 2 g/kg body weight glucose solution was
dministered orally and blood samples were collected via a
ail nick at 0, 15, 30, 60, 90 and 120 min after glucose adminis-
ration. The blood glucose was monitored using glucometer
Roche Diagnostics Pvt. Ltd., Mumbai, India). Insulin tol-
rance test (ITT) was performed in 5 h fasted rats and by
njecting 0.75 U/kg body weight and blood glucose measured
t 0, 15, 30, 60, 90 and 120 min after glucose injection. Sim-
larly, pyruvate tolerance test (PTT) was also performed on
2 h fasted rats by injecting 2 g/kg body weight and blood
lucose was monitored at the above time intervals.

.3. Blood and tissue collection

At the end of the experiment, blood samples were col-
ected by puncture of the venous orbital plexus in heparinised
2 U/�l) vials. Fifty microlitre whole blood samples were
sed for the determination of glycosylated haemoglobin
HbA1c) and remaining samples were centrifuged at 4000 × g
or 10 min at 4 ◦C and plasma was used for determination of
riglycerides and insulin. The animals were killed by cervi-
al dislocation and liver was excised, powdered with liquid
itrogen and stored at −80 ◦C.
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

.4. Biochemical assays

HbA1c and plasma triglyceride were determined by
ommercial kits procured from Monozyme Pvt. Ltd., Secun-

dx.doi.org/10.1016/j.dld.2008.11.012
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erabad, India and Bayers Diagnostic India Pvt. Ltd.,
hamdabad, India, respectively. The plasma insulin was anal-
sed using Mercodia rat insulin ELISA kit (OSB Agencies
vt. Ltd., Mumbai, India). Homeostasis model assess-
ent (HOMA) was calculated by the formula: [(insulin
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

�U/ml) × glucose (mmol/l))/22.5] which is used as an index
o measure the degree of insulin resistance. The liver glyco-
en content was determined as per the method described by
ander-Vries [13] and blood free fatty acids (FFAs) were

m
a

able 2
CR primers used for determination of gene expression.

ene Primers

lycogen synthase
Forward 5′-TTACACCCAGAATTCCTGTC-3′
Reverse 5′-TCCAGTCCAGAAGATCTGAG-3′

lycogen phosphorylase
Forward 5′-GAAGCAGGAGTACTTTGTGG-3′
Reverse 5′-CGATGTCTTTAGGAAACAGG-3′

lucokinase
Forward 5′-CCAGTCTACTGTGGAGAGTC-3′
Reverse 5′-AGAGTTCTTTATCCCATTCC-3′

EPCK
Forward 5′-ACAAAGAGTGGAGACCACAG-3′
Reverse 5′-GGTACTTGCCGAAGTTGTAG-3′

BPase
Forward 5′-TAATGAGGGCTATGCTAAGG-3′
Reverse 5′-ATGATAACTGGTGCCTTCTG-3′

-6-Pase
Forward 5′-TATGTCCTCTTTCCCATCTG-3′
Reverse 5′-CGTTGACTTTTTCTTTCCAC-3′

PAR-�
Forward 5′-GGCAAATCTCTGTTTTATGC-3′
Reverse 5′-GCACTTTGGTATTCTTGGAG-3′

NF-4�

Forward 5′-CGGATGTGTGTGAGTCTATG-3′
Reverse 5′-AGGCGTATTCATTATCATCG-3′

KHR
Forward 5′-ACAATCTGTCCCTACACAGC-3′
Reverse 5′-GAAAGTCTCCCACTGATGG-3′

GC-1
Forward 5′-AGCAGAAAGCAATTGAAGAG-3′
Reverse 5′-ATACTTGCTCTTGGTGGAAG-3′

REB
Forward 5′-AACCAAGTTGTTGTTCAAGC-3′
Reverse 5′-GACTTGTGGCAGTAAAGGTC-3′

REBP-1
Forward 5′-ACCGTTCCTCTATCAATGACAA-3′
Reverse 5′-TGATTTGCTTTTGTGAGCACTT-3′

AS
Forward 5′-GATCGGCAAATTTGATCTTTCT-3′

5′-TTTGCCAATATGTTTTCCTTGA-3′

3PDH
Forward 5′-GACCCCTTCATTGACCTC-3′
Reverse 5′-GTGAAGACGCCAGTAGACT-3′

he primers for respective genes were designed with the help of primer 3 softwar
equences from NCBI database (http://www.ncbi.nlm.nih.gov/entrez).
 PRESS
Disease xxx (2009) xxx–xxx 3

easured as method described elsewhere [14]. Liver fat was
xtracted by method of Folch et al. [15] and hepatic triglyc-
rides were measured as above.

.5. Morphological analysis
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

Rat liver tissues were fixed in 10% neutral buffered for-
alin, processed into paraffin blocks, sectioned at 6 �m,

nd stained with hematoxylin and eosin. Stained sections

Accession no. Product size

J05446 364

BC070901 389

BC079449 302

NM 198780 318
XM 342593

J04112 321

NM 013098 306

NM 013124 338

NM 022180 309

AF247812 343

AY237127 335

NM 134443 308

L16995 183

NM 017332 250

DQ403053 206

e (http://frodo.wi.mit.edu/cgi-bin/primer3/primer3 www.cgi) by using the

dx.doi.org/10.1016/j.dld.2008.11.012
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi
http://www.ncbi.nlm.nih.gov/entrez
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ere examined by light microscopy (Olympus BX41). Pho-
ographs were taken with an Olympus DP12 digital camera,
sing the 203 oil immersion lens.

.6. Semi-quantitative RT-PCR

The total RNA was isolated from liver tissues using Tri-
ol reagent (Sigma Chemicals Co. USA) according to the
nstructions of the manufacturer. Analysis of gene expression
f hepatic carbohydrate metabolic enzymes and associated
ranscription factors was performed using semi-quantitative
T-PCR [16]. The PCR primers were synthesised at Inte-
rated DNA Technology, USA and PCR reactions were
erformed in T-1 thermocycler (Analytik GmbH, Germany)
Table 2).

For RT-PCR, first strand cDNA was synthesised from
�g of total RNA in 20 �l volume using random hex-
mer and M-MuLV reverse transcriptase (GeneI, Bangalore,
ndia). Reverse transcription reaction mixture (2 �l) was
mplified with primers specific for rat PEPCK, fructose-
is-phosphatase (FBPase), G-6-Pase, glucokinase, glycogen
ynthase, glycogen phosphorylase, PPAR-�, hepactic nuclear
actor-4� (HNF-4�), fork-head receptor (FKHR), PPAR-
-co-activator-1 (PGC-1), cAMP reactive element binding
rotein (CREB), sterol regulatory element binding proteins-1
SREBP-1), fatty acid synthase (FAS) and glyceraldehydes-
-phophate dehydrogenase (G3PDH) in a total volume of
0 �l starting with a 5-min incubation at 95 ◦C, followed by
three-step temperature cycling (1 min at 95 ◦C, 1 min at

2 ◦C, and 3 min at 72 ◦C) that was terminated by a 72 ◦C
ncubation for 10 min, and then cooling at 4 ◦C. The cycles
ere repeated for an optimised number for each transcript

27, 32, 33, 32, 30, 35, 28, 25, 32, 31, 32, 32 and 34
ime for PEPCK, FBPase, G-6-Pase, glucokinase, glycogen
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

ynthase and glycogen phosphorylase, PPAR-�, HNF-4�,
KHR, PGC-1, CREB, SREBP-1 and FAS, respectively).
3PDH was used as an internal control for quality and
uantity of RNA. The PCR products were subjected to elec-

3

b

able 3
hysiological and biochemical parameters in NCG, HFCG and HFRG rats during a

arameters NCG

ood intake (g/rat/day) 14.98 ± 5.39a

aily energy intake (kJ/rat) 264.5 ± 1.4a

ater intake (ml/rat/day) 72.2 ± 4.2a

rine volume (ml/rat/day) 34.59 ± 2.49a

ody weight gain (g) 22.4 ± 5.3a

iver weight (g)** 10.01 ± 1.78a

lood glucose (mmol/l) 4.5 ± 0.21a

lasma insulin (pmol/l) 237.3 ± 32.12a

bA1c (%) 3.49 ± 0.77a

riglyceride (mg/dl) 57.80 ± 3.48a

ree fatty acids (mg/dl) 28.23 ± 2.74a 65.74 ± 4.31b

OMA*** 40.4 ± 3.48a

alues with different superscripts (a, b, and c) in a row are significantly different (p
* Values are means ± S.D. of 6 animals in each group.

** Values are per 100 g body weight.
** HOMA = (insulin (�U/ml) × glucose (mmol/l))/22.5.
 PRESS
Disease xxx (2009) xxx–xxx

rophoresis on 1.5% agarose gel and quantified using Gel
uant software (Labnet International Inc., Woodbridge, NJ).
esults are presented of triplicate measurements of pooled

amples.

.7. Western blotting analyses

Tissue extracts were prepared by homogenisation in the
ysis buffer containing 100 mM Tris buffer (pH 8.5), 250 mM
aCl, 1% NP-40, 1 mM EDTA, protease inhibitors and 0.1%
henyl methyl sulfonyl fluoride with a polytron homogeniser
ollowing centrifugation at 14,000 × g for 10 min to remove
ell debris. Total protein was estimated by Lowry method
17]. Homogenates containing equal amount of total pro-
ein from all animals of each group were pooled. Proteins
ere separated using SDS-PAGE by loading of 20 �g/lane

nd transferred on nitrocellulose membrane. Non-specific
inding sites were blocked by incubating with 5% non-fat
ilk in TBST buffer (20 mM Tris, 55 mM NaCl and 0.1%
ween 20) for 1 h. The PEPCK, FBPase, G-6-Pase, PGC-1
nd CREB were probed with polyclonal antibodies (Santa
ruz Biotechnology, USA) and bands were visualised by
sing development kit (GeneI Bangalore, India).

.8. Statistical analyses

All the results expressed as means ± standard deviation
S.D.). The data was subjected to analysis of variance and sig-
ificant differences (p < 0.05) were analysed by Bonferroni’s
est using SPSS (version 10.0).

. Results
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

.1. Effect on feed intake and body weight

Table 3 depicted that the daily food and energy intake
y rats fed with different diets were not altered by devia-

nd/or after 8 weeks of the experimental period*.

HFCG HFRG

15.12 ± 3.57a 15.17 ± 4.22a

307.5 ± 5.2b 309.3 ± 3.6b

87.3 ± 5.0b 85.3 ± 4.8b

39.68 ± 5.68b 38.22 ± 4.01b

31.3 ± 4.11b 33.2 ± 6.2b

10.59 ± 2.01a 9.77 ± 1.56a

11.2 ± 2.21b 6.31 ± 0.30c

457.5 ± 56.72b 333.4 ± 32.4c

6.31 ± 0.83b 4.11 ± 0.32c

103.82 ± 5.38b 68.48 ± 3.37c

39.24 ± 2.37c

230.2 ± 28.32b 110.2 ± 12.3c

< 0.05).

dx.doi.org/10.1016/j.dld.2008.11.012
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ig. 1. The oral glucose and intravenous insulin tolerance tests in NCG, HF
n = 6 in each group) were administered 2 g/kg body weight of glucose for O
xamined at 0, 15, 30, 60, 90 and 120 min. ‘a, b, c’ values (mean ± S.D.) w

ions in diet, however water intake and excreted urine volume
as significantly higher in HFCG rats than NCG and HFRG

p < 0.05), which are typical characteristics of human dia-
etes [18]. The body weight gain was higher in HFCG than
CG animals, which was further highest in HFRG animals.
n the other hand, no significant differences were observed

n liver weight among different group of animals.

.2. Effects on insulin resistance measures

Feeding of HFD induced partial insulin resistance charac-
erised by impaired glucose and insulin tolerance tests after
weeks and completely developed insulin resistance after 8
eeks (Fig. 1). Rosiglitazone treatment fully prevented the

nduction of insulin resistance for up to 4 weeks (Fig. 1a,
, e, and f), and after 8 weeks rats treated with Rosiglita-
one became insulin resistant, but it was still less than in
he HFD-fed control group (Fig. 1c, d, g, and h). After 8
eeks of HFD-feeding rats became diabetic and presented
ith increased blood glucose, HbA1c, plasma insulin, triglyc-

rides, hepatic triglyceride and FFAs (59, 34, 38, 48, 44
nd 57%, respectively) compared to normal rats (p < 0.05).
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

osiglitazone treatment restrained these metabolic derange-
ents induced by HFD feeding (Table 3). The blood glucose
as significantly lower in rosiglitazone-treated rats (43%,
< 0.05) when compared with HFCG. Similarly, plasma

c
i
m
a

HFRG rats after 4 weeks (a, b, e, and f) and 8 weeks (c, d, g, and h). Rats
d 0.75 U/kg body weight of insulin for ITT, and blood glucose levels were

rent superscript were statistically significant (p < 0.05).

nsulin, triglycerides and FFAs were also lower in HFRG
han HFCG (27, 34, 33 and 40%, respectively; p < 0.05). In
ddition, rosiglitazone treatment also consistently restrained
he elevation of HOMA, which was 52% lower than HFCG.

.3. Effects on hepatic glycogen metabolism

The hepatic glycogen was significantly higher (23%) in
FCG than NCG (p < 0.05). However, compared to HFCG,

osiglitazone significantly reduced hepatic glycogen content,
ut could not bring it to normal levels (Fig. 2a). In addition, no
ignificant changes in the mRNA levels of glycogen synthase,
lycogen phosphorylase and glucokinase by HFD feeding
nd rosiglitazone treatment in hepatic tissues of rats (Fig. 2b).

.4. Effects on hepatic gluconeogenesis

We also measured hepatic endogenous glucose production
EGP) in terms of PTT, and results clearly indicate that feed-
ng of HFD impaired pyruvate-responsive hepatic glucose
roduction, and in response to similar pyruvate load, blood
lucose levels increased more in HFD than in controls; this is
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

ompatible with increased hepatic transformation of pyruvate
nto glucose through gluconeogenesis. Rosiglitazone treat-

ent prevented the induction of impairment in PTT (Fig. 3a
nd b). Additionally, we found that the expression of rate-

dx.doi.org/10.1016/j.dld.2008.11.012
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Fig. 2. Effects of HFD and Rosiglitazone treatment on glycogen metabolism in rats. (a) Hepatic glycogen levels and (b) mRNA levels of enzymes involved in
glycogen metabolism in liver. The total RNA was isolated form liver tissues collected from 6 animals of each group. cDNA was prepared for amplification with
specific primers to the corresponding genes with housekeeping gene (G3PDH). The PCR products visualised by running on 1.5% agarose gel in the presence
of ethidium bromide and band densities were quantified and expressed as relative amount (%) as compared with NCG. The results represent means ± S.D. of
triplicate measurements of pooled samples. Data are expressed as the mean (n = 3) and ‘a’ values with similar superscript are not statistically different (p < 0.05).

Fig. 3. Effects of HFD and Rosiglitazone on gluconeogenesis in hepatic tissues of rats. Rats (n = 6 each group) were administered with 2 g/kg body weight of
pyruvate solution and blood glucose levels were examined at 0, 15, 30, 60, 90 and 120 min (a). The RNA analysis was performed as described in Fig. 2 (b).
For western blotting (c), the tissue homogenate was prepared in Tris buffer and pooled from 6 animals of each group. Proteins were separated by running on
10% SDS-PAGE by loading 20 �g/lane. The protein bands were transferred on nitrocellulose membrane and targeted by specific antibodies and visualised by
western blot development kit. The results represent means ± S.D. of triplicate measurements. Data are expressed as the mean ± S.D. and ‘a, b, c’ values with
different superscript are statistically different (p < 0.05).

Fig. 4. Effects of HFD and rosiglitazone treatment on hepatic steatosis in rats. Hematoxyline and Eosin staining of liver sections (a), hepatic triglyceride
content (b) and mRNA levels of lipogenic factors (c) in liver. The analysis of morphological characteristics, hepatic triglyceride content and mRNA levels were
described in the text.

dx.doi.org/10.1016/j.dld.2008.11.012
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ig. 5. Effects of HFD and rosiglitazone treatment various transcriptional f
er the method described in text of materials and methods.

imiting enzymes, i.e. PEPCK and G-6-Pase was significantly
ncreased by HFD feeding, while expression of FBPase was
ot significantly changed (Fig. 3c and d). However, rosiglita-
one treatment significantly depleted the elevation of PEPCK
nd G-6-Pase mRNA and protein levels in hepatic tissues of
FRG animals compared to HFCG (Fig. 3c and d).

.5. Effects on hepatic steatosis

The histological analysis of hepatic tissues clearly indi-
ated that the feeding of HFD significantly increased ectopic
at deposition in the liver (hepatic steatosis), while rosigli-
azone significantly ameliorated the ectopic fat deposition
n liver tissues of rats (Fig. 4a). This was further con-
rmed by the increased triglyceride content in HFD fed
ats and decreased triglyceride levels in hepatic tissues
Fig. 4b). Moreover, rosiglitazone significantly suppressed
FD-induced increased expression of SREBP-1 and FAS

fatty acid biosynthesis regulators).

.6. Effects on expression of PPAR-γ , HNF-4α, FKHR,
GC-1 and CREB in liver

As shown in Fig. 5, the mRNA levels of PPAR-� signif-
cantly increased in the liver tissues collected from rats fed
ith HFD, which was further increased by rosiglitazone treat-
ent, while HNF-4� mRNA levels significantly decreased

n HFD-fed rats and rosiglitazone treatment prevented this
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

ecrease of HNF-4� expression. The mRNA levels of FKHR
ere significantly higher in liver tissues of HFCG rats than
CG (p < 0.05), and that was decreased in HFRG rats. More-
ver, mRNA and protein levels of PGC-1 and CREB were

t
a
s
t

iver tissues of rats. The mRNA (a) and protein (b and c) were analysed as

lso significantly increased in HFCG rats compared to NCG;
owever, the treatment with rosiglitazone slightly suppressed
he elevation of PGC-1 and CREB expressions, but still
emained higher than in NCG (Fig. 5b and c).

. Discussion

The objective of present study was to investigate the effect
f HFD on hepatic glycogen metabolism and gluconeoge-
esis, to ascertain the enzymatic steps and transcriptional
achinery responsible for these changes, and to determine
hether rosiglitazone can ameliorate the HFD-induced hep-

tic metabolic derangements. It is well known that fructose is
highly lipogenic sugar molecule, which triggers the accu-
ulation of triglyceride and FFAs into the hepatic tissues as
ell as in circulating blood, and leads to insulin resistance [7].
he feeding of HFD impaired glucose tolerance test within 3
eeks and increased plasma insulin, triglycerides, FFAs and
OMA, which are the prominent manifestations of insulin

esistance. The treatment with rosiglitazone delayed the
nduction of these alterations in HFD fed rats. This indicates
hat rosiglitazone ameliorated the metabolic derangements
nduced by HFD and the presumed insulin action in liver.
t has also been established that the increase in circulatory
riglyceride and FFAs results in the impaired insulin medi-
ted suppression of hepatic EGP [19,20] and gluconeogenesis
hich contribute to the pathogenesis of hyperglycemia in
nt of hepatic glucose metabolism by feeding of high fructose diet
.1016/j.dld.2008.11.012

ype 2 diabetes [21]. Paquot et al. [22] reported that, the
dministration of fructose increases EGP in type 2 diabetic
ubjects. However, whether this glucose production was due
o increased gluconeogenesis or glycogenolysis was not clear.

dx.doi.org/10.1016/j.dld.2008.11.012
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n present study we found that, feeding of HFD significantly
ncreased EGP indicated by impaired pyruvate tolerance and
ncreased expression of PEPCK and G-6-Pase (Fig. 3), while
o changes were observed in the expression of glycogen
hophorylase and glycogen synthase in HFD fed rats. This
ndicates that, HFD-induced hyperglycemia in rats might be
ue to increased EGP that was due to increased gluconeogen-
sis [23]. But surprisingly, we also observed that the glycogen
ontent in liver tissues was significantly increased (Fig. 2a)
24]. The exact reason of increased hepatic glycogen accumu-
ation in HFD fed rats is not known, but one explanation for
his might be the higher consumption of fructose might have
ncreased hepatic glycogen accumulation due to inhibition of
lycogen breakdown rather than enhancement of synthesis
25], because fructose 1-phosphate; an intermediate of fruc-
ose metabolism in liver, inhibits the glycogen phosphorylase
ctivity by depletion of inorganic phosphate [26]. Rosiglita-
one treatment ameliorated the hepatic glycogen deposition
ithout affecting mRNA levels of glycogen phosphorylase

nd synthase (Fig. 2b), which depicts that rosiglitazone may
egulate glycogen accumulation by affecting the protein lev-
ls and/or enzymatic activities of glycogen synthase and
lycogen phosphorylase, instead of their increased transcrip-
ional program.

Deposition of ectopic fat in liver tissues (hepatic steato-
is) is a prominent factor for induction of hepatic insulin
esistance [27]. In the present study we found that feeding
f HFD significantly increased ectopic fat deposition in liver
issues of rats, which was further confirmed by increased
epatic triglyceride content (Fig. 4a and b). The increased
ctopic fat deposition in hepatic tissues of HFD fed rats
ight be due to increased lipogenesis in liver, which was

onfirmed by increased expression of SREBP-1 and FAS
Fig. 4c). Interestingly, treatment with rosiglitazone signif-
cantly ameliorated the hepatic steatosis in HFD-fed rats,
hich indicates that rosiglitazone can modulate the lipogenic

ascade in liver under fructose-induced energy overloaded
onditions.

The mechanism of increased hepatic gluconeogenesis,
ipogenesis and induction of hepatic insulin resistance-
ediated hyperglycemia has not been fully elucidated in HFD

ed rats. To provide a mechanism for the increase of these
ffects in response to HFD, we measured the expression of
arious transcription factors, i.e. PPAR-�, HNF-4�, FKHR,
GC-1 and CREB, involved in the regulation of hepatic glu-
ose homeostasis [28]. PPAR-� is a crosstalk transcription
actor, contributes to the regulation of genes involved in glu-
ose, lipid and protein metabolism, and insulin sensitivity
29]. TZDs activate PPAR-� in adipose tissues and improve
iabetic condition by increasing insulin sensitivity [30]. The
ffects of TZDs in adipose tissues have been extensively
tudied, but crosstalk between TZDs and PPAR-� in hepatic
Please cite this article in press as: Yadav H, et al. Epigenomic derangeme
and its prevention by Rosiglitazone in rats. Dig Liver Dis (2009), doi:10

issues is obscure. In this study, we observed that the mRNA
evels of PPAR-� by feeding of HFD significantly increased
nd treatment with rosiglitazone further increased its mRNA
evels. However a previous study conducted in our laboratory

A
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31], depicted that the protein levels of PPAR-� in muscle
issues slightly decreased by feeding of HFD and rosiglita-
one treatment inhibited the depletion of PPAR-� proteins;
his indicates that the regulation of transcriptional and trans-
ational machinery of PPAR-� by rosiglitazone might be
ifferent in different tissues. This mechanism warrants to be
xplored in further detail.

PGC-1 is an important transcription co-activator that
egulates hepatic gluconeogenic rate by targeting the gene
xpression of PEPCK and G-6-Pase. PGC-1 expression in
iver dramatically increased in streptozotocin-injected and
b/ob mice, models of type 1 and 2 diabetes, respectively.
oreover, PGC-1 was highly elevated in LIRKO (liver

nsulin receptor knockout) mice, which is an ideal model of
epatic insulin resistance [9]. In present study, the feeding
f HFD increased the mRNA and protein levels of PGC-1 in
iver. However, the treatments with rosiglitazone maintained
ower levels of PGC-1 expression. But the exact mechanism
f alteration of PGC-1 expression by HFD and rosiglita-
one is not fully elucidated. Furthermore, CREB mRNA and
rotein levels were also higher in HFCG rats than NCG,
hich indicates that the expression of PGC-1 was stimu-

ated by the increased levels of the CREB [32]. On the other
and, HFD feeding also depleted the HNF-4� and stimulated
KHR expression. HNF-4� interacts with PGC-1 and forms a
omplex, which facilitates the target gene (i.e. PEPCK, etc.)
ranscription by providing histone-acetyl-transferase activ-
ty [33]. FKHR is a mediator of insulin action to regulate
GC-1 expression through protein kinase B-mediated de-
hosphorylation and phosphorylation cycle to attaching and
isplacing on IRSs, respectively [34], but the exact mecha-
ism of this scheme is not fully understood. The rosiglitazone
reatment markedly ameliorated the elevation of mRNAs of
NF-4� and depletion FKHR in liver tissues from rats fed
ith HFD.
The data of the present work together with our previous

tudy [31] clearly indicates the importance of HFD feeding
o induce a type 2 diabetes model with the characteristics of
lucose intolerance, hyperinsulinemia, hypertriglyceridemia,
ncreased FFAs, gluconeogenic rate and hepatic steatosis.

e showed that feeding of HFD increased EGP due to an
ncrease in hepatic gluconeogenesis rate. The expression of
EPCK and G-6-Pase was increased by feeding of HFD, and

he elevated expression of PGC-1 counteracting with HNF-
�, FKHR and CREB. The antidiabetic drug rosiglitazone
uppressed all these derangements induced by HFD.
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